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Sir: 

Now comes Benjamin Chu, Benjamin S. Hsaio, Dufei Fang and Akio OkamOto who 
depose and state that: 

1. We are the inventors of the invention in the present application. 

2. The Examiner has rejected the claims of the present patent application in l^ght of the 
combination of Published US Application 2005/0067732 to Kim et al (hereafter the "Kim" 
reference) and Published US Application 2004/0146546 to Gravett et al (hereafter the "Gravett" 
reference). In order to demonstrate that we were in possession of our invention prior to the 
effective dates of either of the Kim or Gravett references, we provide the following information. 

3. The present invention was made in the United States or in a NAFTA or WTO member 
country. 

4. It is our understanding that the earliest effective prior art date of the Kim reference is 
November 20, 2002. 

5. It is our understanding that the earliest effective prior art date of the Gravett reference is 
September 26, 2002. 

6. In August, 2002, inventors Chu, Hsiao, and Fang submitted a research proposal to the 
U.S. Army Small Business Innovation Research (SBIR) Program. Attached as Exhibit A is 
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a copy of the proposal description submitted along with the Proposal Cover Sheet, da^ed 
August 14, 2002. 

7. The research proposal was submitted naming three of the current co-inventors (Chu, 
Hsiao and Fang) as principal investigators, while Okamoto was not named on the research 
proposal. The omission of Okamoto from the research proposal was due to the fact that 
Okamoto was not part of the same University as Chu, Hsiao and Fang, but was rather an 
employee of a private company from Japan. Thus, Okamoto 's name was not included in the 
research proposal submitted by the University and Drs. Chu, Hsiao and Fang. 

8. The research proposal submitted to the SBIR Program describes our invention 
sufficiently to show that we had conceived the invention of combining electrospinnini and 
melt blowing into a single process for formation of hyaluronan (hyaluronic acid) polymer 
fibers prior to the effective November 20, 2002 date of the Kim reference and prior to the 
effective September 26, 2002 date of the Gravett reference. 

9. In particular, attention is drawn to Section 3.3 beginning at page 6 of the proposal, 
which describes the aspect of the proposed research which combines electrospinning a^nd melt 
blowing to gain the combined effects of electrostatic repulsions and the high velocity of the gas 
stream on the fibers begin generated. 

1 0. Additional attention is drawn to page 2 of the research proposal, which 
mentions several patent applications filed by certain of the inventors prior to submission of the 
research proposal. Copies of the patents (US 6,685,956; US 6,689,374; US 7,172,765 and 
6,713,01 1) resulting from the applications mentioned in the research proposal are attac hed as 
Exhibit B. While none of these patents describes the electroblowing process of the present 
invention, the inclusion of hyaluronan polymer in these patents and the discussion of tiese 
patents in the research proposal clearly shows that hyaluronan polymer was one of the 
polymers conceived of for the present invention (see, e.g., column 4, lines 25-29 of US 
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6,685,956; column 4, lines 29-33 of US 6,689,374; column 4, lines 27-32 of US 7,172,765; and 
column 13, lines 40-46 of US 6,713,01 1). 

1 1 . Attached also as Exhibit C is the letter from the Army dated Novemberj 1 1 , 
2002, notifying us that our proposal had been selected for negotiation and possible contract 
award. 

12. We conceived our invention prior to the effective dates of each of the I^im and 
Gravett references, as evidenced by our research proposal to the Army SBIR Program 
Accordingly, neither the Kim reference nor the Gravett reference is available as prior a 
against the present application. 

13. We diligently worked on reducing the invention to practice over the months 
after approval of the research proposal, culminating in the filing of the present patent 
application on October 1, 2003. 

14. The undersigned declarants declare further that all statements made herein of 
their own knowledge are true and that all statements made on information and belief a|e 
believed to be true; and further that these statements were made with the knowledge tb|at 
willful false statements and the like so made are punishable by fine or imprisonment, ( r both, 
under Section 1001 ofTitle 18 of the United States Code and that such willful false sta|ements 
may jeopardize the validity ofthis application or any patent issuing thereon. 
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15. Further deponents saith not. 



Signature: Benjamin Chu 




Date (\jt4-H0Cq 








Signature: Benjamin S^ Hsiao 




Date 




Signature: Dufei Fang 





Date 



Signature: Akio Okamoto 

Customer Number 

22850 ^ 

Tel. (703)413-3000 
Fax. (703)413-2220 
(OSMMN 05/06) 
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1 5. Further deponents saith not. 
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22850 

Tel. (703)413-3000 
Fax. (703)413-2220 
(OSMMN 05/06) 







Signature: Benjamin Chu 




Date 








Signature: Benjamin S. Hsiao 
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Signature: Dufei Fang 
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Signature: Akio Okamoto 
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Unique Hybrid Multi-Jet Electrospinning and Melt-Blown Technology for Mass Proc 
Nanostructured Membranes 

1. Problems and Opportunities in Electrospinning Technology 

1.1 Current State and Problem in Nano- and Micro-Fibers 

Electrospinning is an atomization process of conducting fluid. It takes advantages of the 
interactions between the electrostatic field and the conducting fluid. When in external 
electrostatic field is applied to a conducting fluid (e.g., a charged semi -dilute polymer solution or 
a charged polymer melt), a suspended conical droplet is formed, whereby the surface tension of 
the droplet is in equilibrium with the electric field. Electrostatic atomization occur:? when the 
electrostatic field is strong enough to overcome the surface tension of the liquid. The liquid 
droplet then becomes unstable and a tiny jet is ejected from the surface of the droplet. As it 
reaches a grounded target, the jet stream can be collected as an interconnected web c f fine sub- 
micron size fibers. The resulting films from these nanoscale fibers (nanofibers) have very large 
surface area to volume ratios and very small pore sizes. 
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The electrospinning technique was first developed by Zeleny [1] and 
Formhals [2]. Up to now, there are about 50 patents on electrospinning technology, 
research has been done on how the jet is formed as a function of electrostatic field si 
viscosity, and molecular weight of polymers in solution. In particular, the work of 
others on electrically driven jets has laid the groundwork for electrospinning [3], 
potential applications of this technology have been widely mentioned, which include 
membranes (substrates for immobilized enzymes and catalysts systems), wound 
materials, artificial blood vessels, aerosol filters, clothing membranes for protect on 
environmental elements and battlefield threats [4-26], no practical industrial 
electrospinning of polymer systems for fabric applications has ever been implemented. 
existing commercial electrospinning process by Donaldson, Inc. is limited for the ms 
filter membranes, not of clothing. The major technical barrier for manufacturing 
fabrics for clothing is the speed of fabrication. In other words, as the fiber size be 
small, the yield of the electrospinning process becomes very low. For example, if we 
polymer melt being spun from the spinneret with a diameter of 700 um and the final 
formed with a diameter of 250 nm, the draw ratio will then be about 3 x 10 6 . As 
throughput of the extrudate from a single spinneret is about 16 mg/min (or 1 g/hi 
filament speed will be about 136 m/s, which is comparable to the highest speed (10,1 
167 m/s) attainable by the high-speed melt-spinning process. Thus, the throughput 
spinneret in electrospinning is about 1000 times lower than that in the commercial 
melt-spinning process. 

1.2 Unique e-Jets™ Technology by STAR, Inc. 



3,000 



Another major technical problem for mass production of electrospun ft 
assembly of spinnerets during electrospinning. A straightforward multi-jet arrang 
high-speed melt-spinning cannot be used because adjacent electrical fields often ir 
one another, making the mass production scheme by this approach very impractical. 



A unique e-Jets™ technology for multiple-jet electrospinning process has recently been 
developed for manufacturing of non-woven membranes having fibers with diameters 
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of nanometer size range by the PI from Stonybrook Technology and Applied i?eseaJ-ch (STAR), 
Inc. and scientists from the Chemistry Department in the State University of New York at Stony 
Brook (SUNYSB). Three patent applications based upon this technology have been filed in 2001 
by the PI and Co-PIs through SUNYSB (1. "Control and Manipulation of Electrospinning 
Process"; 2. "Bioabsorbable Membrane for Prevention of Post-Operative Adhesions", 3. "Novel 
Bioabsorbable Scaffolds for Cell Delivery Applications"). The Technology Transfer Center at 
SUNYSB has agreed to grant exclusive licensing of these patents to STAR, Inc., when approved. 
A schematic diagram of the prototype multi-jet electrospinning production unit (with one- 
dimensional array electrodes), based on the e-Jets™ technology and tailored for making 
nanostructured bioabsorbable membranes for biomedical applications, is shown in Figure 1. The 
unique features of this apparatus can be summarized as follows. 

Fig.l Bioabsorble Nanostructured Membrane Processing Unit 

Isolation Transformer 




1. Innovation in the e-Jets™ technology: 

• Finite element analysis on electric field distribution of multiple spinnerets. 

• New spinneret/electrode designs for multiple-jet operation. 

• Electric field control on jet streams (formation and acceleration) 

• 3D pattern design. 

2. Combination of materials and processing development permits us to develop new 
materials including: 

• Variations in porosity, pore size, and pore size distribution 

• Variation in nanofiber/nanoparticle morphology 

• Variation in degree of hydrophobicity 

• Construction of unique hierarchical structures (nano-, micro-, meso-). 



2 



Unique Hybrid Multi-Jet Electrospinning and Melt-Blown Technology for Mass Production o 
Nanostructured Membranes 

We feel that, with some suitable modifications, the e-Jets™ technology can be readily- 
incorporated into the more conventional melt-blown process for manufacturing of new non- 
woven textile structures for fabrics, which forms the basis of this proposal. 

1.3 Conventional Melt-Blown Process 

The melt-blown process is a unique non-woven technology using high-velicity air to 
produce fibrous non- woven articles directly from polymer melts. This process is unicue because 
it can be used to produce fibers with a large range of diameter (from 0.1 um to 10 |xm). The 
basic technology was first demonstrated by the Naval Research Laboratory in 1950s and was 
incorporated into the commercial process by Exxon Chemicals (now ExxonMobil) in 1970s. 
Recently, there have been some renewal interests to develop new microfiber materials by 3M, 
Eastman Kodak, Kimberly-Clark, and Fleetguard Filter. 
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The typical melt-blown process consists of the several elements: extruder, 
pumps, die assembly, web formation, and winding. The die assembly is the 
element, which has three distinct parts: polymer-feed distribution, die nosepiecje, 
manifolds. The feed distribution is usually designed in such a way that the polymer 
is less dependent on the shear properties of the polymer, allowing for the process 
different polymeric materials. The die nosepiece is a tapered and hollow piece of 
several hundred spinnerets across the width. The extruded polymer melt J 
subsequently attenuated by hot air to form fine fibers. (The web uniformity depends 
the design of the nosepiece.) The high velocity hot air (primary air) is supplied 
manifolds through the slots on the top and bottom sides of the die nosepiece. 
temperature ranges from 200°C to 350°C at velocity ranges from 0.5 to 0.7 times 
sound. As the primary air stream containing the microfibers progresses toward 
screen, it draws in a large amount of surrounding air (secondary air) that cools and 
fibers. The fibers are generally laid randomly on the moving collector (usually a 
applied to the inside). The collector speed and the collector distance from the die no 
be varied to produce a variety of non- woven morphology. 

2. Phase I Technical Objectives 

This SBIR Phase I Project aims to develop a new form of technology that w: 11 combine 
the melt-blown process with the e-Jets™ (multiple-jet electrospinning) technology. The key 
technology should permit fabrication of membranes with composite microfiber/nanof iber hybrid 
morphology and can lead to the production of nanostructured composite materials in new 
formats. 

The specific aims of this Phase I proposal are to implement new designs in 
electrospinning/electrospraying technology in order to incorporate the e-Jet™ technology (patent 
pending) with the more conventional melt-blown process. Complex and coupled processing 
parameters including novel spinneret assemblies, new electrode designs, and control of jet 
acceleration, transportation and manipulation will be considered. 

3. Phase I Work Plan 



3 



Unique Hybrid Multi-Jet Electrospinning and Melt-Blown Technology for Mass Production of 
Nanostructured Membranes 



3.1 Design 1 - Linear Electrical Field Enhanced Melt Spinning Assembly 

Based on our unique e-Jets ™ technology for electrospinning of polymer 
propose to develop a prototype multi-jet apparatus for electrospinning of polymer 
conceptual design of a linear electrical field enhanced melt spinning assembly is showfn 
2, where a relatively high throughput of polymer melt (about 1 gm/min/spinn< 
extruded from a pair of adjustable slits. The slit exit surfaces will contain microch^nnels 
defined dimensions and separation distances. The presence of microchannels will 
exit for fiber spinning. The slits are connected to the high voltage. The shape and 
distance of the spinning "holes" will be designed using a finite element analysis 
multi-jet electrospinning process, which will be described later. Under the electrii 
charged molecules in the melt will be stretched out and form bundles of repelling fibers 
flight path to the target plate. Different morphology in the membrane may be formed 
the spinning speed from the die. The amount of the electric charge in the polymer 
(excess charge) can be controlled by electric charge "spray". In this case, a bank o: 
needles will be connected to another high voltage power supply and the charges in the corona 
zone of the needle tips will be transferred to the polymer melt. By utilizing this technique, 75% - 
100% of excess charge may be obtained. A pair of steering (scanning) electrodes wil be placed 
at the down stream but located very close to the bank of the discharge needles. By applying a 
sweeping voltage on to the scanning electrodes, a membrane with a controlled patterr formation 
can be obtained. The advantages of this proposed technique are: (1) relatively high throughput 
(high yield) - 1 to 2 orders of magnitude higher than the electrospinning of polymer solutions (2) 
no moving parts. 

Figure 2. New slit-die design for the electric field enhanced melt-spinning apparatus 
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3.2 Design 2 - Two- Dimension a I Multi-Jet Assembly 

To explore the possibility to further increase the total electrospinning throughput, without 
the concerns of electrical field interference between the spinnerets, we propose to develop a 
prototype two-dimensional array of electrospinning spinnerets in an isolation ma rix. This 
design is quite different from Design 1 where secondary electrodes were used to i: isolate the 
electrical field of each spinneret. The conceptual design of this apparatus is shown in Figure 3, 
where each spinneret has two pairs (X and Y direction) of miniature scanning electrodes. The 
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spinneret and the scanning electrodes are constructed in a way, based on the electrical field 
calculation, to minimize the interference between the adjacent electrodes. They are also 
electrically wired such that each individual polymer solution jet can be turned on and off and be 
steered to a finite size target area. As each spinneret can be turned on/off indepehdently by 
electricity (the response time thus should be relatively fast) a designed pattern can be bbtained in 
the resultant membrane. 



Figure 3 New designed array-spinneret pattern for electrospinning 
Side view ( J. 1 1- JIJ1 1 1. .11 1 -I Electrospinning spinneret 



Top view 




Figure 4. Portable extrusion apparatus at 
Stony Brook 



Both Design 1 and Design 2 prototype multiple-jet electrospinning assembles will be 
tested in a laboratory size portable melt spinning apparatus (photograph is shown in Figure 4). 
(This equipment was originally designed for on-line X- 
ray and Raman studies of melt- spinning process.) This 
apparatus consists of a 3/4" Independent Laboratory 
single screw extruder (C. W. Brabender Instr. Inc., NJ) 
and a custom-built vertical lifter with about 1.2 m of 
displacement (Applied Automation Research Corp., FL). 
The maximum extrusion temperature is about 325 °C. 
The extruder is mounted on a horizontal platform that 
can be translated in the vertical direction by computer 
control. The range of the typically used mass output rate 
of this extruder is 1-7 g/min. 



The advantages of Design 1 (Linear Electrical 
Field Enhanced Melt Spinning Assembly) include the 
easy fabrication of the spinneret assembly, easy 
operation and maintenance, higher throughput rates. The 
disadvantages of this design include the difficulty in 
isolating the electric filed distribution for each spinneret. 
In contrast, the advantages of Design 2 (Two- 
Dimensional Multi-Jet Assembly) include that the 
electric field of each spinneret will be isolated and that a 
more uniform fiber diameter and membrane morphology 
should be feasible. However, the disadvantages of this 
design are that the production and the operation of the spinning assembly may be motp difficult. 
As both designs of the multi-jet assemblies will be tested, the one that provideb the best 
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performance will be incorporated with a laboratory scale melt-blown apparatus, wh<bse scheme 
will be outlined next. Depending on the results from the experimental testing of bcth designs, 
we will also consider the possibility of a hybrid design by combining some unique features from 
each design. 

3.3 Combination of Multi-Jet Electrospinning Technology and Melt-Blown Proc sss 



Figure 5 Schematic Diagram of Combined 



Multi-Jet Electrospinning a 



Melt-Blown 



We propose to incorporate the best performing 
multi-jet electrospinning assembly in a laboratory 
melt-blown spinning apparatus using a slit-die or a 
pin-hole geometry. We term this simultaneous co- 
spinning design. The pin-hole assembly can be 
manufactured at SUNY- Stony Brook. The 
construction of the slit die assembly (polymer-feed 
distribution, die nosepiece, and air manifolds) for the 
melt-blown process can be contracted to the Hills, Inc. 
(West Melbourne, Florida), which is one of the leaders 
in the production of melt-blown manufacturing 
equipment. The feed distribution will be designed to 
minimize the shear properties of the polymer, allowing 
the melt blowing of widely different polymeric 
materials. We will probably choose the coat-hanger 
type feed distribution system because it gives both 
even polymer flow and even residence time across the 
full width of the die. The membrane uniformity 
depends largely on the design and fabrication of the 
nosepiece. Therefore, we will require very tight 
tolerances for the die nosepiece. There are two types 
of die nosepiece: capillary type and drilled holes type. We will probably choose ths capillary 
type because the problems associated with precise drilling of very small holes can be ivoided. In 
addition, the capillary tubes can be precisely aligned so that the holes follow a straight line 
accurately. The testing materials for the proposed study will be metallocene based isotactic 
polypropylene (iPP) of different molecular weights. This material is commonly used in melt- 
blown fabrics. 

A conceptual simultaneous co-spinning design to combine the multi-jet electrospinning 
technology and the melt-blown process is illustrated in Figure 5. In this design, the electrodes 
(electrospinning spinnerets) are aligned at a tilted angle with respect to the melt-spinning axis. 
The zone of instability of the jet will be immersed with the high velocity primary ai:, allowing 
the charged fibers to be extended and entangled with the melt-blown fibers. Ad 
streams will also be applied in the down stream of the spin line to enhance the fiber rnixing and 
to facilitate the fiber collection. The combined effects of electrostatic repulsions and the high 
velocity of the air stream will be utilized to create a new type of nanofiber morphology. In order 
to produce a 1-m width fabric, we plan to construct a large moving platform (ground electrode) 
for sample collection. 
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In this study, we have set a target ratio of 10% nanofibers (from electrospikining) 
90% microfibers (from melt-blown process) in the initial production of the 
We know that the surface area of this 10% nanofibers is about 10 times more than 
90% microfibers produced by the melt-blown process. Since the typical throughput 
spinneret in electrospinning is about 1000 times smaller than that in the melt-blovvfn 
process, we plan to take the following steps to reach this goal. (1) The diameter 
blown spinneret will be reduced and the air velocity will be reduced to the lowest 
0.2 times of the speed of sound). This should reduce the throughput of the melt- 
by more than 50 times. (2) A ratio of 10 spinnerets in electrospinning to 
blown spinning will be impleme nted. This will increase the throughput of electrospirining 
times. These two steps should allow us to produce the fabrics with a nanofiber/micrpfiber 
close to 10%. If necessary, we can further increase the content of the nanofibers by 
simultaneously co-spun product using a sequential electrospinning method, as 
Figure 1. We note that, the sequential electrospinning process can produce a 
layered product. 
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3.4 Performance Evaluations of Hybrid Microfiber/Nanofiber Membranes 
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As requested by the Natick Soldier Center of this SBIR grant, we plan to de 
co-spinning technology (melt blown and multi-jet electrospinning) that can be 
manufacture a 1-meter width fabrics. Scientists from the Natick Soldier Center w 
following properties of the melt-blown/electrospun fabrics, under the guidance of 
assistance. These properties will include (1) water vapor transport through the fal 
penetration through the fabric, (3) liquid (oil and water) retention within the fabric, an 
contact angle. The properties (air resistance, breath ability, water retention and 
angle) will be optimized by fine-tuning the multiple operating parameters in th 
electrospinning process. The routine characterizations of these membranes such 
electron microscopy (to study the membrane morphology), thermal analysis (to study 
properties such as melting and glass transition temperatures), mechanical properties, 
scattering/diffraction (to study crystal structure and lamellar morphology) will also be 
on an as-needed basis. 

4. Related Work 



In the past three years, we have successfully developed a unique e-Jets™ technology 
(patent pending and TM being processed) at STAR, Inc. and at SUNY-Stony Brook. The key 
technology permits fabrication of membranes with composite nanofiber/nanopart cle hybrid 
morphology, designed composition variations, and 3D pattern formation from polymer solutions. 
This technology shall enable us to design a new multi-jet apparatus for melt-spinning that can 
also be incorporated in the melt-blown process to produce new microfiber/nanofiber composite 
non- woven fabrics. We will briefly outline the principle of the e-Jets™ technology and the 
innovation as follows. 

4.1 Finite Element Analysis to Simulate Multi-Jet Electrospinning Processes 
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In the multi-jet electrospinning system, the electric field distribution is very 
The design of the multi-jet electrode array in the current apparatus was guided by 
element analysis (FEA) for electromagnetics using the software by Field 
(www.fieldp.com). The software package included XLATE, Figure 6, FEA simulation of 
MESH, ESTAT and VESTAT modules, which were used to a single jf* 

numerically analyze the electric field distributions in complex 
electrode configurations. Extensive simulations for a single jet 
system involving parameters such as size, shape and potential of the 
electrode, distance between the electrode tip and the ground, the 
shape and materials surrounding the electrode were carried out 
(Figure 6). We have constructed several electrodes based on 
different designs and experimentally verified the electrode designs 
with the FEA simulations. The parameters obtained from 
simulations and experiments for the single jet were also used as 
basis for the design of the multi-jet system. 

4.2 Polymer Fluid Distribution System for Multi-jet Electrospinning 

Figure 7 shows a schematic diagram of the fluid distribution and the 
electrode assembly of a prototype scale-up apparatus. The backing material for the m 
fed into the system by a "convoy belt" method. The polymer solution ii 
multiple spinneret (up to 200) linear array system with minimum pressure drop (inset 
The array system is mounted on two electrically isolated posts that are seated or 
precision rails. This allows the array system to move along the "belt" direction back 
The precision rails can also be mounted on a "rocking" system so that the array can 
direction perpendicular to the "belt" direction. The heating elements are implementec 
the solvent evaporation rate. The "belt" can be sent to another unit or a post- 
manufacturing composite membranes. 
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Figure 7. Unique fluid distribution and scale-up operation 
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4.3 New Innovative Designs for The e-Jets™ Technology 

Several new and innovative schemes to improve the control and manipulation of 
electrospinning process have been implemented in order to control more precise, y the fiber 
diameter and the membrane morphology. These methods are based on a combimtion of the 
principles of plasma physics and accelerator physics. They address two distinct processing issues 
in electrospinning: (1) the process for the jet formation and (2) the process for the jet 
acceleration. The principles of jet formation in an electrospinning process are similar to those of 
plasma formation in an "ion source". 

4.3.1 Use of Secondary and Tertiary Electrodes to Optimize Multi-jet Spinning 



s geometrical 



The use of secondary electrodes to shield each primary electrode (spinnerel 
implemented in our prototype apparatus. We note that the presence of secondary ele 
weaken the field strength at the electrode tip. To overcome this problem, the 
location and electric potential of the secondary electrodes has been optimized 
simulations. We have optimized the designs with the parameters for single jet 
reference for multi-jet designs. The following two criteria have been met simultaneously 
design: (1) each electrode in the multi-jet system has the same electric field distributions, 
electric field strength on the electrode tip in the multi-jet system is the same as that 
jet system. We have paid special attention to the field strength change before and 
formation. Figure 8 illustrates the simulation of electric field distribution for a 5-elecl 
with two jets being formed. Results suggest that the interference of the neighboring 
(with and without the jet formation) of the optimized system is about 1% using the 
electrodes. A real multi-jet system has been constructed based on the optimal 
obtained from detailed FEA simulations. This analysis will also be carried out 
Design 1 and Design 2 of the multiple-jet electrodes assembly for melt spinning. 
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Figure 8. The FEA calculation of a 5-electrode system with formation of only two polyme r jets. 




We have also used a tertiary electrode to facilitate the membrane collection 
during electrospinning. The tertiary dectrode can be placed very close to the 
membrane. The electrode is connected to the ground with a negative potential in order 
the surface charge accumulated by the electrospinning process efficiently. 

4.3.2 Variation of Electrical/Mechanical Properties of Conducting Fluid 
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The conductivity of the macromolecular solution can be drastically changed 
ionic inorganic/organic compounds. The magneto -hydrodynamic properties of the 
on a combination of physical and mechanical properties, (e.g., surface tension, 
viscoelastic behavior of the fluid) and electrical properties (e.g., charge density and 
of the fluid). For example, by adding a surfactant to the polymer solution, the 
tension can be reduced, so that the electrostatic field can influence the jet shape and 
over a wider range of conditions. By coupling a pump system that can control the flo\^ 
at constant pressure or at constant flow rate, the effect of viscosity of the conducting 
alleviated. 
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The manipulation capability through processing parameters provides not only the means 
to control the fiber diameter, the membrane porosity but also the fiber/particle morphology of the 
membrane. The following process parameters have been explored for this purpose. 



Parameter 



1. Fluid Viscosity 

Dielectric constant 
Surface tension 
Viscoelastic property 
Charge density 
Polarizability 

2. Fluid flow Flow rate 

3. Jet Nozzle effect 
formation Electrostatic potential 

4. Jet Electrostatic potential 
acceleration 



Methods 



Use of miscible solvents; polymer concentration 
Use of miscible solvents 
Addition of surfactants 
Molecular weight/polydispersity and concentration 
Change in ionic strength and pH; use of mixtures 
Use of miscible solvents 
Constant pressure or constant flow rate 
Nozzle geometry 

Control of field strength and field geometry 
Control of field strength and field geome ry along 
the flight path, use of alternating gradients. 



Figure 9. SEM image of electrospun PLGA membranes with different morphology 
Membranes processed as a function of concentration 
20% 25% 35% 





For example, we have investigated the effect of charge density (through the 
salts) on the fiber diameter [27]. We found that the fiber diameter could be significantly 
by adding a small amount of salt in the solution. When 1 wt% potassium phosphate 
was added to the biodegradable poly(lactide-co-glycolide) PLA-co-PGA solution, 
diameter became much thinner than the one with no salt added. Thus, higher 
density generally favors the production of thinner fibers and lower excess charge 
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the production of thicker fibers. Several other kinds of salts (e.g. NaCl, KH 2 P0 4 , KI0 3 , and 
K3PO4 ), which are all biologically compatible to the body, will also be considered. We have 
demonstrated that the membrane morphology could be controlled by different processing 
parameters. By tuning the concentration, flow rate and/or solution viscosity, a membrane with 
different morphology (nanofiber to nanoparticle) could be obtained (Figure 9). 

4.3.3 New Electrode Design and 2D Multi-jet Array Assembly for Solution Spinning 



The designs of the electrospinning electrode have been intended to 
formation process and the jet acceleration process using the following principli 
formation was treated as an "ion source"; the positively charged electrode was 
'anode'. The anode was responsible for the formation of the polymer solution droplet 
'cathode' was a plate electrode with a small exit hole in the center. This exit hole 
means to let the jet stream to pass through the cathode. If we take the polymer 
anode to have a typical dimension of 2-3 mm and place the cathode at a distance 
mm from the anode, a reasonable electrostatic potential can be developed. The 
between the two electrodes implies that the electrostatic potential could be fairly low 
the resultant electric field strength could be sufficiently strong for the electrospinning 
By varying the electric potential of the anode, the jet formation could be controlled ar c 
Such an electrode configuration has greatly reduced the required applied potential oil 
from about 15 kilovolts (kV) down to typically 1.5 to 2 kV (relative to the 
potential). The anode potential required for a stable jet formation depends 
electric/mechanical properties of the conducting fluid. 
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Different from the linear array electrode assembly, a prototype two dimension il 
system with 4x4 electrode/spinneret array assembly has been designed and constructe 
in Figure 10. The polymer solution was introduced by a central inlet and then distribi ted 
quadrant sub -compartments. The electric potential V 0 was applied to the electrodes 
potential Vi was applied to the secondary electrodes made by a metal plate. Experimental 
showed that interference effects were low as expected. We are in the process of < 
parameters controlling the fluid flow and the electric field distributions for this 
target system in this proposal will be a 10x10 multi-jet system using the designs 
secondary and tertiary electrodes. 




Figure 10. 3D view of the solution distribution system and the spinnerets mounting diagram. 
4.3.4 Control of Jet Acceleration, Transportation and Manipulation 
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The jet stream from the cathode exit hole is a stream that is positively cl 
stream has a tendency to straighten itself during flight. However, without the 
field confinement, the jet will soon become unstable in its trajectory. In other words, 
beam becomes defocused and thus the jet stream, with the intrinsic bending instability 
electrostatic repulsion of the charges within the jet stream, could not provide the desired 
in controlling the microscopic and macroscopic properties of the fluid. This instability 
partially removed by using carefully designed probe electrodes immediately after |he 
plate and a series of (equally) spaced plate electrodes. The electrode assembly (i.e. 
electrode and the plate electrodes) can create a uniform distribution of electrostatic 
along the (straight) flight path. The acceleration potential is formed by placing the 
of the ion source at about +20 to +30 kV above the target (at ground potential) 
electrostatic potential of the probe electrode can be adjusted to slightly below the 
potential. The composite electrodes are capable to partially stabilize the jet stream. 
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The jet stream can also be focused by using an "Alternating Gradient" (AG) technique, 
widely used in the accelerator technology of high-energy physics. The basic idea is to use two 
pairs of electrostatic quadrupole lenses. The second lens has the same geometric an 
the first lens with a reversed (alternate) electric gradient. The beam will be focused, fir example, 
in the xz plane after the first lens and then be refocused in the yz plane after the seco id lens. By 
applying an additional triangle- shaped waveform to the potential on one of the pairs of the 
quadrupole, the jet can be swept across the target area, allowing the control of the direction of 
the jet stream. Furthermore, with varying waveform of the 'sweep' potential, a desired pattern on 
the target can be formed by using this technology. 

The combination of above four schemes (4.3.1-4.3.4) form the basis of the unique e- 
Jets™ technology. 

5. Research Milestones (6 months Phase 1 + 4 months Option Period) and Futuro Research 
and Development 

The research milestones for the first 6 months of this Phase 1 project and 1 
months of the Option Period are summarized below. 





Monthl-3 


Month4-6 


Month 7-8 


Mo 


nth 9-10 


Design 1 Construction and Testing 


X 










Design 2 Construction and Testing 


X 










Combination of Melt-Blown Process 
with Multiple-Jet Electrospinning 




X 








Membrane Property Evaluations (air 
resistance, breathability, water retention 
and liquid contact angle) 






X 




X 


Optimization of Designs and Processing 
Variables 






X 




X 



The successful operation of this Phase I project will include (1) the demonstration of a 
multiple-jet electrospinning unit that can be scaled-up and incorporated in the conventional melt- 
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blown process, (2) the fabrication of a new class of non-woven materials containing 
microfiber/nanofiber hybrid morphology, which possesses superior liquid and vapo - transport 
properties. If successful, the technology base developed in Phase I will be fully extended to 
develop a commercially viable system with scale-up capability. At that point, a potsntial joint 
venture with ExxonMobil or other willing partner will be explored. 

4. Commercialization Strategy 

If successful, we plan to incorporate the best performing multi-jet electrospinning 
assembly in a commercial melt-blown spinning facility to evaluate the scale-up capaHlity in the 
Phase II study. We will try to first secure the intellectual right at STAR, Inc. and then to explore 
a partnership relationship with a commercial outfit that is specialized in the melt-blown 
technology. One such company may be the Baytown Polymer Center, ExxonMobil Chemical 
Company. One of the Co-PIs (Ben Hsiao) is currently a consultant with ExxonMobil and has 
been conducting the research project on "Flow-Induced Crystallization in Polyolefins" with them 
since 1998. Currently, ExxonMobil is the leader in the melt-blown technology development, 
holding most of the licenses and/or options to produce microfiber non-woven and melt-blown 
equipment. We will also consider other companies such as 3M, Eastman Kodak, Kimberly- 
Clark, and Fleetguard Filter for potential partners. 

5. Key Personnel (PI and Co-PIs) 

Stonybrook Technology & Applied Research, Inc., (STAR) was established by three 
scientists (Benjamin Chu, Benjamin S. Hsiao and DuFei Fang) in 1999. They a m to take 
advantage of their complimentary knowledge in chemistry, materials science and engineering, 
and physics to (1) develop unique technologies and (2) produce specific cost- effective products, 
made of polymers and nano-composites. Their combined expertise includes chemical oiowledge 
on polymer synthesis, physical processing methods, as well as advanced technology on 
molecular structure and macroscopic property relationships that permit predictions on a range of 
specific functional properties of materials. The initial emphasis of STAR will ae on the 
development of electrospinning technology for applications to biomedical products de aling with 
anti-adhesion membranes, cell delivery and pain management. The qualifications and the 
responsibility of PI/Co-PIs for this proposal are summarized below. 



Dufei Fang, Ph.D. (Principal Investigator) is the Technology Director of S 1 
Technology and Applied Research, Inc. (STAR). He is an experimental physicist 
background in accelerator physics and plasma physics. He has extensive 
instrumentation design and construction for free electron laser and synchrotron X-ray 
He has designed a prototype electrospinning apparatus with commercial scale-up possibility, 
was a professor and group leader at the Institute of Modern Physics, Fudan University 
and also a visiting Fellow at Fizwilliam College, Cambridge University (U.K.). 
responsible for instrumentation implementation and optimization of the electrospinning 



Ben Chu, PhD. (Co-PI) is a Distinguished Professor with joint appointment in both the 
Chemistry Department and the Department of Materials and Engineering at Stony E rook with 
specialization in hydrogels, polyelectrolyte, surfactant complexes, nanostructure modifications. 
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ion-containing polymers, colloid science and DNA capillary electrophoresis. A 
Physics Prize winner, BC is an executive member of the State University of New 
Beam line at X3, a Co- Spokesperson for the Advanced Polymers Beam line (APB) 
National Synchrotron Light Source (NSLS), and is serving as one of the Co-PIs in the 
CARS at the Advanced Photon Source. He will be responsible for the 
structure/property/process relationships of the electrospun membranes from polymer 
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Ben Hsiao, Ph.D. (Co-PI), a Professor in the Chemistry Department at 
came from the Fibers and CR&D Departments at DuPont and has extensive 
experience and research expertise in the area of structure, morphology, property, 
and processing relationships in biodegradable polymers, suture fibers and nanocompo^ites. 
the Spokesperson for the APB at X27C of NSLS. He will be responsible for incorpoi 
multiple-jet electrospinning prototype apparatus with the melt-blown process. BH is 
consultant with ExxonMobil and has several on-going research projects on fiber 
them. 

6. Facility and Equipment 

The STAR, Inc. occupies 600 square ft of space in the Chemistry Building at SUNYSB. 
Through the Chemistry Department, researchers can access scanning electron microscope 
(SEM), transmission electron microscope (TEM), scanning transmission X-ray microscope 
(STXM), Gamma-irradiation facilities, HRTEM and the synchrotron X-ray scattering beamlines 
(X3A2, X27C) in the National Synchrotron Light Sources (NSLS), Brookhaven National 
Laboratory. At Stony Brook, melt-spinning and solution spinning devices, atcmic force 
microscope, (AFM) several high-resolution nucleus magnetic resonance (NMR) instruments 
(13C-, 1H-), differential scanning calorimetry (DSC), Fourier Transform Infrared (FTIR), Raman 
Spectroscopy, tensile testing machines and rheometers are also available. Other capabilities 
include a rotating anode X-ray generator, forced Rayleigh scattering, centrifuge ball viscometry, 
magnetic needle rheometry, and DNA capillary electrophoresis. Machine shop is also Available. 
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BIODEGRADABLE AND/OR 
BIOABSORBABLE FIBROUS ARTICLES AND 
METHODS FOR USING THE ARTICLES FOR 
MEDICAL APPLICATIONS 



BACKGROUND OF INVENTION 



The present invention relates to biodegradable and/or 
bioabsorbable fibrous articles. More specifically, the present 
invention is directed to products and methods having utility 
in medical applications. In one embodiment, the fibrous 
articles of the invention are polymeric membranes. 

Polymeric membranes produced by an electrospinning 
technique have been suggested as being useful for biological 
membranes such as substrates for immobilized enzymes and 
catalyst systems, wound dressing materials and artificial 
blood vessels, as well as for aerosol filters and ballistic 
garments. 

Electrospinning is an atomization process of a conducting 
fluid which exploits the interactions between an electrostatic 
field and the conducting fluid. When an external electrostatic 
field is applied to a conducting fluid (e.g., a semi-dilute 
polymer solution or a polymer melt), a suspended conical 
droplet is formed, whereby the surface tension of the droplet 
is in equilibrium with the electric field. Electrostatic atomi- 
zation occurs when the electrostatic field is strong enough to 
overcome the surface tension of the liquid. The liquid 
droplet then becomes unstable and a tiny jet is ejected from 
the surface of the droplet. As it reaches a grounded target, the 
material can be collected as an interconnected web contain- 
ing relatively fine, i.e. small diameter, fibers. The resulting 
films (or membranes) from these small diameter fibers have 
very large surface area to volume ratios and small pore sizes. 
However, no practical industrial process has been imple- 
mented for producing membranes useful for medical appli- 
cations. This is because with the production of small fibers, 
such as nanosize fibers, the total yield of the process is very 
low and a scale-up process, which maintains the perfor- 
mance characteristics of the films (or membranes), cannot be 
easily achieved. 

U.S. Pat. No. 4,323,525 is directed to a process for the 
production of tubular products by electrostatically spinning 
a liquid containing a fiber-forming material. The process 
involves introducing the liquid into an electric field through 
a nozzle, under conditions to produce fibers of the fiber- 
forming material, which tend to be drawn to a charged 
collector, and collecting the fibers on a charged tubular 
collector which rotates about its longitudinal axis, to form 
the fiberous tubular product. It is also disclosed that several 
nozzles can be used to increase the rate of fiber production. 
However, there is no suggestion or teaching of how to 
control the physical characteristics of the tubular product, 
other than by controlling the charge and rotation speed of the 
tubular collector. It is further noted that the spinning process 
of the '525 patent is used to fabricate tubular products 
having a homogenous fiber matrix across the wall thickness. 

U.S. Pat. No. 4,689,186 is directed to a process for the 
production of polyurethane tubular products by electrostati- 
cally spinning a fiber-forming liquid containing the poly- 
urethane. It is disclosed that auxiliary electrodes can be 
placed around the collector to help facilitate collection of the 
fibers. It is disclosed that the auxiliary electrodes can be 
arranged to facilitate separation or to prevent adhesion of the 
formed fibers. There is no teaching or suggestion of inde- 



pendently controlling jet formation, jet Acceleration and 
fiber collection. It is also noted that the sp 
the '186 patent is used to fabricate tubular 
a homogenous fiber matrix across the wal 

In one aspect, the present 
and methods for preventing the formation 
adhesions between a healing trauma site 
rounding tissue. 

Adhesion formation is a natural and 
1 quence of surgery. Injury, surgical incis 
other operative damage to the peritoi 
abdominal cavity results in an outpourirjg 
guinous exudate. This exudate can accumul 
surface and subsequently coagulate. 
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bands between abutting surfaces which 
nized by fibroblast proliferation to be 
adhesions. Adhesions are also known 
fracture sites resulting in adhesions 
ture surface and the surrounding tissue. 

Adhesions can lead 
example, adhesions that form in relation 
such as bowel resection, hernia repair, 
obstruction of the intestine. Adhesions that 
fracture site may reduce or hinder the normal 
the area of repair by restricting the 
tendons over the adjacent bone. Adhesions 
the vicinity of nerves and disrupt 
a resultant diminution of sensory or mote 
sions have also been known to lead to 
chronic debilitating pain and difficulty 
tions. Typically, a patient will often have 
tional surgery to remove adhesions, 

Various methods and substances have 
hope of preventing post-operative adhesio 
and surfactants have been suggested. For e; 
No. 4,911,926 is directed to adhesion pre^ 
cation of aqueous and non-aqueous compo 
oxyalkylene block copolymer to injured 
toneal or pleural cavity or organs situated 
to surgical injury. 

Other surgical adjuvants have been used 
minimize or prevent adhesions following 
anti-inflammatory drugs (such as co 
decrease vascular permeability, antihisti 
fibroblast proliferation, anticoagulants (sue l 
antibiotics (such as vibramycin or metol 
incidence of infection. However, the use 
positions which are applied to the surgical 
had limited success in preventing adhesions. 

Another approach to adhesion preventio i 
cation of a physical barrier at the 
theory is that a mechanical barrier, placed 
injured, healing serosal surfaces, which 
serosal healing has taken place will preveht 
the sequela, e.g., small bowel obstruction, 
materials in the form of barrier layers to _ 
of tissues which have been suggested incluc e 
on cellulose materials. However, the 
cellulose based products to prevent a< 
drawbacks. For example, the performanc e 
adhesions is limited. Furthermore, certaii 
been reported to have handling problems 
can cause scars after 

U.S. Pat. No. 4,674,488 is directed to ii 
layer of soft 
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reconstituted collagen 



>r Dacron™, mesh, at the interface of a bone fracture and the 
surrounding tissue. U.S. Pat. No. 4,603,695 is directed to a 
molded polymeric material for preventing adhesion of vital 
tissues. The polymeric material is made of a biodegradable s 
and absorbable polymer such as certain polyesters, collagen, 
amino acid polymers and chitin and may be placed where 
there is a possibility of adhesion setting in. Although bio- 
logical materials, such as collagen, are generally 
"biocompatible," they can generate scars when implanted in 10 
certain forms, and it is difficult to precisely control the 
degradation of such materials. 

Other materials have also been used to form physical 
barriers in an attempt to prevent adhesions, including sili- 
cone elastomers, gelatin films and knit fabrics of oxidized 15 
regenerated cellulose (hereinafter ORC). In some cases, it is 
suggested that heparin, heparinoid, or hexuronyl hexosami- 
nogly can be incorporated into the matrix of an ORC fabric 
or other matrices of hyaluronic acid, cross-linked and 
uncross-linked collagen webs, synthetic resorbable 20 
polymers, gelatin films, absorbable gel films, oxidized cel- 
lulose fabrics and films which are fabricated into a form that 
is said to be drapable, conformable and adherent to body 
organs and substantially absorbable within 30 days. See, 
e.g., U.S. Pat. No. 4,840,626 or EPA Publication No. 0 262 25 
890 or EPA Publication No. 0 372 969. However, as dis- 
cussed above, it is difficult to precisely control the degra- 
dation rate of many of these materials and scar tissue can 
result from use of many of the materials. 

Physical barriers are also used to cover and protect wound 30 
sites. PCT/US91/08972 is directed to a surgical article 
having a bioabsorbable fibrous matrix in a laminar relation- 
ship with a bioabsorbable cell barrier sheet. U.S. Pat. No. 
5,092,884 and EPA Publication No. 0 334 046 are directed 
to a surgical composite structure having absorbable and 35 
non-absorbable components which may be useful for repair- 
ing anatomical defects, e.g., preventing hernia formation in 
an infected area. The nonabsorbable portion of the compos- 
ite acts as a reinforcement material. The growth of natural 
tissue is said to be enhanced by controlled degradation of the 40 
absorbable portion. U.S. Pat. No. 5,035,893 relates to a 
wound covering composition having a sheet of biopolymeric 
material and a film of polyurethane resin. An antibacterial 
agent may be provided between the polyurethane film and 
the sheet of biopolymeric material, thereby forming a three- 45 
layer wound covering material. With the cure of the wound, 
it is said that the biopolymeric material is taken in as living 
tissue and the polyurethane film can be peeled off from the 
sheet without hurting the surface of a wound. Again, the use 
of many biopolymeric materials can result in the formation so 
of scar tissue. 

Thus, there is a need for improved membranes and other 
fibrous articles, which can be produced on an industrial 
scale, and for improved products and methods for reducing 
the formation of post-surgical adhesions, as well as for other 
medical applications, which do not have the above- 
mentioned disadvantages. 

SUMMARY OF INVENTION 



ning fibers of biodegradable and/or bioab 
able material, in which the article 



different biodegradable and/or bioabsorbable fibers. 



t biodegradable 



about 20 weight 
preferably, the 
;ght percent of 



In another aspect, the invention relates tc 
and/or bioabsorbable fibrous article formed by electrospin 
ning fibers of biodegradable and/or bioab sorbable fiberiz- 
able material, in which the article contain, an asymmetric 
composite of different biodegradable and/or bioabsorbable 
fibers. 

Different fibers can include fibers of different diameters, 
fibers of different biodegradable and/o bioabsorbable 
materials, or fibers of both different diameters and different 
biodegradable and/or bioabsorbable materials. 

Preferably, the article will contain at least al 
percent of submicron diameter fibers, m< 
article will contain at least about 50 v 
submicron diameter fibers. 

Preferably, the biodegradable and/or bio ibsorb able fiber- 
izable material is a biodegradable and/or bioabsorbable 
polymer. The biodegradable and/or bioabs urbable polymer 
preferably contains a monomer selected from the group 
consisting of a glycolide, lactide, dioxanoi e, caprolactone, 
trimethylene carbonate, ethylene glycol an I lysine. 

In one embodiment the biodegradable and/or bioabsorb- 
able polymer contains a biodegradable and/ >r bioabsorbable 
linear aliphatic polyester, more preferably a polyglycolide < 
a poly(glycolide-co-lactide) copolymer. 

In another embodiment the biodegradable and/or bioab- 
sorbable fiberizable material contains a material derived 
from biological tissue, e.g., collagen, gelat n, polypeptides, 
proteins, hyaluronan acid and derivativss or synthetic 
biopolymers. 

The fibers of different biodegradable and/or bioabsorb- 
able materials can include fibers having different chemical 
composition, such as different polymeric materials, different 
molecular weights of the same polymeric n aterial, different 
blends of polymers, materials having diffe ent additives or 
materials having different concentration of additives. 

In another embodiment the article will o 
fibers, i.e. different diameters and/or different materials, 
having diameters in the range from a " 
almost about one micron, more preferably a 
about 1000 nanometers and most preferably from about 20 
to about 500 nanometers. The fibers of dif 'erent diameters 
can include both fibers having diameters less than 300 
nanometers and fibers having diameters greater than 300 



iorbable fiberiz- 
composite of 



The article can also contain small blobs 
and/or bioabsorbable material. Preferably, 
will have diameters in the range of about 
', more preferably, about 



of biodegradable 
the small blobs 
20 to about 500 
20p to about 1500 



o the present invention, it has now been found 
that biodegradable and/or bioabsorbable articles, e.g. 
membranes, having improved performance and handling 
characteristics for medical applications can be provided 
without the above-mentioned disadvantages. , 

In one aspect, the invention relates to a biodegradable 
and/or bioabsorbable fibrous article formed by electrospin- 



In one embodiment, the article also contains at least o 
medicinal agent. The medicinal agent can be contained 
within the biodegradable and/or bioabsorbable material 
itself, including within the fibers or within tl e small blobs of 
material, if present. In such a case, the fibers (and/or small 
blobs) can contain different concentrations pf the medicinal 
agent or different medicinal agents. 

The article can also have the structure J>f a plurality of 
layers, wherein at least one of the layers is a composite (or 
asymmetric composite) of different biodegradable and/or 
bioabsorbable fibers. In such a case, the article can also 
contain at least one medicinal agent betwee i at least tv 
the layers. 
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The membrane according to the invention will preferably 
have a thickness in the range of about 10 to about 5000 
microns, more preferably about 20 to about 1000 microns. 

In another aspect, the invention relates to a fibrous article 
formed by electrospinning different fibers of different 
materials, in which the article contains a composite of 
different fibers containing fibers of at least one biodegrad- 
able material and fibers of at least one non-biodegradable 
material. Preferably, the compositite of different fibers will 
contain submicron diameter fibers. The composite can be an 
asymmetric composite. 

In another aspect, the invention is directed towards an 
adhesion-reducing barrier containing a biodegradable and/or 
bioabsorbable membrane, in which the membrane c 



In yet another aspect, the invention is directed to a method 
for reducing surgical adhesions which involves positioning 
an adhesion-reducing barrier between the site of surgical 
activity and neighboring tissues. The barrier contains a 
biodegradable and/or bioabsorbable membrane, in which the 
membrane contains: 

a composite (or an asymmetric composite) of different 
biodegradable and/or bioabsorbable fibers; 

a plurality of layers, with at least two layers having 
different biodegradable and/or bioabsorbable fibers from 
each other; or 

sub-micron diameter biodegradable and/or bioabsorbable 
fibers, having at least one medicinal agent contained within 
the fibers. 



In yet another aspect, the invention is directed to a system 
for controlled delivery of a medicinal agent which contains 
the medicinal agent to be delivered and a biodegradable 
and/or bioabsorbable fibrous article physically associated 
with the medicinal agent to release the agent at a controlled 
rate. The article contains a composite of different biodegrad- 
able and/or bioabsorbable fibers or an asymmetric composite 
of different biodegradable and/or bioabsorbable fibers. 

Preferably, the system will include the articles and bio- 
degradable and/or bioabsorbable materials discussed above. 

In another aspect, the invention is directed to a method for 
the controlled delivery of a medicinal agent which involves 
implanting at a target site in an animal, a system for 
controlled delivery of a medicinal agent. The system for 
controlled delivery of a medicinal agent contains the medici- 
nal agent to be delivered and a biodegradable and/or bio- 
absorbable fibrous article physically associated with the 
medicinal agent to release the agent at a controlled rate. The 
article contains a composite of different biodegradable and/ 
or bioabsorbable fibers or an asymmetric composite of 
different biodegradable and/or bioabsorbable fibers. 

Preferably, the method involves use of the above 
described system. 

The present invention provides biodegradable and/or bio- 
absorbable fibrous articles, e.g. membranes, having 
improved performance and handling characteristics for 



medical applications, including improved performance i 
preventing adhesions. The invention also provides fibrous 
articles containing fibers of controlled size and having 
controlled morphology and biodegradation rate with utility 
in a controlled delivery system. 

Additional objects, advantages and novtl features of the 
invention will be set forth in part in the descriptio 
examples which follow, and in part will become apparent tc 
those skilled in the art upon examination of the following, or 
1 may be learned by practice of the invention The objec 
advantages of the invention may be realized and attained by 
means of the instrumentalities and combina ions particularly 
pointed out in the appended claims. 

; BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a schematic of an electrospinr ing system. 
FIG. 2 is a schematic of an array of spinnerets for a 

electrospinning process. 
FIG. 3(a) is a side view 

system for producing membranes in accc 

invention. 

FIG. 3(b) is a cross-sectional view of the 
of FIG. 3(a) as seen along viewing lines 
; FIG. 3(c) is a bottom view of the r 
system of FIG. 3(a). 

FIG. 4 is an SEM of a PLA-co-PGA mei 
a solution containing 1 wt % KH 2 P0 4 . 

FIG. 5 is an SEM of a PLA-co-PGA memWane 
1 a solution without salt added. 

FIG. 6 is an SEM of a membrane 



1. 



FIG. 7 is an SEM of a membrane descr bed 



FIG. 8 is a graph of the results of the 
described in Example 4. 

FIG. 9 is an SEM of a PLA membrane 
Example 5. 
) FIG. 10 is a graph of the results of the 
described in Example 6. 

FIG. 11 is an SEM of the PLA membrane 
Example 7. 

FIG. 12 is an SEM of the PLA membrane described ii 
> Example 7 after 1 week of degradation. 

FIG. 13 is a graph of the results of the Adhesion experi- 
ment described in Example 8. 

FIG. 14 is a graph showing the tensiometer readings from 
the experiment described in Example 8. 

FIG. 15 is a graph of the results of the Antibacterial test 
described in Example 9. 

FIG. 16 is an SEM of the as spun membijane described ir 
Example 10. 

FIG. 17 is an SEM of the partially biodegtaded membrane 
described in Example 10. 



tcludii g 



i The present invention is directed to 
bioabsorbable fibrous articles and metres 
articles for medical applications incl 
formation of post-surgical adhesions 
trauma site and the adjacent tissue and 
systems. 

In one aspect, the invention relates to a 
bioabsorbable fibrous article formed by 
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fibers of biodegradable and/or bioabsorbable fiberizable 
material in which the article contains a composite of differ- 
ent biodegradable and/or bioabsorbable fibers. 

In another aspect, the article can contain an asymmetric 
composite of different biodegradable and/or bioabsorbable 5 

In yet another aspect, the article can also include fibers of 
at least one non-biodegradable/non-bioabsorbable material. 

By the term biodegradable is intended a material which is 
broken down (usually gradually) by the body of an animal, 10 
e.g. a mammal, after implantation. 

By the term bioabsorbable is intended a material which is 
absorbed or resorbed by the body of an animal, e.g. a 
mammal, after implantation, such that the material eventu- 
ally becomes essentially non-detectable at the site of implan- 15 

By the terminology "biodegradable and/or bioabsorbable 
fiberizable material" is intended any material which is 
biocompatible, as well as biodegradable and/or 2Q 
bioabsorbable, and capable of being formed into fibers, as 
described more fully below. The material is also capable of 
being formed into a fibrous article which is suitable for 
implantation into an animal and capable of being biode- 
graded and/or bioabsorbed by the animal. 25 

The biodegradable and/or bioabsorbable fiberizable mate- 
rial is preferably a biodegradable and bioabsorbable poly- 
mer. Examples of suitable polymers can be found in 
Bezwada, Rao S. et al. (1997) Poly(p-Dioxanone) and its 
copolymers, in Handbook of Biodegradable Polymers, A. J. 30 
Domb, J. Kost and D. M. Wiseman, editors, Hardwood 
Academic Publishers, The Netherlands, pp. 29-61, the dis- 
closure of which is incorporated herein by reference in its 
entirety. 

In a preferred embodiment the biodegradable and/or bio- 35 
absorbable polymer contains a monomer selected from the 
group consisting of a glycolide, lactide, dioxanone, 
caprolactone, trimethylene carbonate, ethylene glycol and 
lysine. By the terminology "contains a monomer" is 
intended a polymer which is produced from the specified 40 
monomer(s) or contains the specified monorneric unit(s). 
The polymer can be a homopolymer, random or block 
co-polymer or hetero-polymer containing any combination 
of these monomers. The material can be a random 
copolymer, block copolymer or blend of homopolymers, 45 
copolymers, and/or heteropolymers that contains these 



In one embodiment, the biodegradable and/or bioabsorb- 
able polymer contains bioabsorbable and biodegradable 
linear aliphatic polyesters such as polyglycolide (PGA) and so 
its random copolymer poly(glycolide-co-lactide) (PGA-co- 
PLA). The FDA has approved these polymers for use in 
surgical applications, including medical sutures. An advan- 
tage of these synthetic absorbable materials is their degrad- 
ability by simple hydrolysis of the ester backbone in aque- 55 
ous environments, such as body fluids. The degradation 
products are ultimately metabolized to carbon dioxide and 
water or can be excreted via the kidney. These polymers are 
very different from cellulose based materials, which cannot 
be absorbed by the body. 60 

These materials are also effective drug carriers for phar- 
maceutical products, as they meet several drug release 
criteria including a biocompatible and biodegradable poly- 
mer matrix that provides efficient drug loading. The degra- 
dation rate of these materials, as well as the release rate of 65 
entrapped drugs, can only be roughly controlled by varying 
the molecular structure and the molecular weight as there is 



no linear relationship between the physical properties of the 
constituent homopolymers or their copolymers. However, 
by controlling the filament diameter (to lanometer sizes) 
and the assembly morphology as described more fully 
below, the degradation rate and the drug " 
finely tuned. For example, Dunne et 
influence of processing conditions, particle 
and media temperature on the degradatior 
spherical particles. They found that a li 
between the degradation rate and particle 
the larger particles degrading fastest. 

Other examples of suitable biocompati >le 
polyhydroxyalkyl methacryl 
ethylmethacrylate, and hydr 
polyvinylpyrrolidone, polyacrylamides, 
bioabsorbable materials are biopolymen 
collagen, gelatin, alginic acid, chitin, chitosian, 
ronic acid, dextran, polyamino acids, polyl; 
mers of these materials. Any combination, 
mer or blend thereof of the above example 
for use according to the present invention 
able materials may be prepared by known 

Particularly useful biodegradable and/ )r 
polymers include poly-lactides, 
polycarprolactone, polydioxane and their 
copolymers. Examples of specific polym 
D,L-lactide, polylactide-co-glycolid 
polylactide-co-glycolide (75:25). 

Preferably, the biodegradable and/or 
mers used in the articles of the present 
a molecular weight in the range of about 
8,000,000 g/mole, more preferably abou 
250,000 g/mole. 

By the terminology "composite of differs nt 
and/or bioabsorbable fibers" is intended an 
the different fibers interleaved with each 
a fibrous matrix, which can be in the form 
other three dimensional form of tailored 
a tube, rod or plug. 

By the terminology "asymmetric composite of different 
biodegradable and/or bioabsorbable fiber >" is intended a 
composite of different biodegradable and/or bioabsorbable 
fibers, having at least one of non-homogeneous porosity o 
assembled morphology, variations in the ratio of different 
fibers, progressing through different regions of the compos- 
ite material. For example, with reference to a membrane 
containing an asymmetric composite of dif ferent biodegrad- 
able and/or bioabsorbable fibers, the poro >ity, morphology 
or variations in fibers can be varied eithsr in a direction 
perpendicular to or parallel with the surf ice of the n 
brane. Thus, an asymmetric composite ol different biode- 
gradable and/or bioabsorbable fibers can have 100 percent 
submicron diameter fibers on a first side cf the membrane, 
zero percent submicron diameter fibers on 1 he opposite side, 
and a progressively lower percentage of submicron diameter 
fibers in the direction from the first side acioss the thickness 
of the membrane. 

By the terminology "different biodegradable and/or bio- 
absorbable fibers" is intended to include f bers of different 
diameters, fibers of different biodegradable and/or bioab- 
sorbable materials, or fibers of both different diameters and 
different biodegradable and/or bioabsorbable materials. 

By the terminology "fibers of differe it diameters" 
intended that the article will include fiber, having at least 
two different target (or intended) diameters. 

By the terminology "fibers of different 
and/or bioabsorbable materials" is intended 



:h other 



nbe 

examined the 
characteristics 
of PGA-co-PLA 
r relationship 
existed, with 

polymers are 
; including 

Other suitable 
which include 
1, fibrin, hyalu- 
sine and copoly- 
:opolymer, poly- 
1 is contemplated 
Such bioabsorb- 
methods. 

bioabsorbable 
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random and block 
5 include poly 
(85:15) and 

bioabsorbable poly- 
sntion will have 
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4,000 to about 

biodegradable 
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in the form of 
membrane or 
geometry, such as 



having different chemical composition, in the form of, for 
example, different polymeric materials, different molecular 
weights of the same polymeric material, or different addi- 
tives (or concentration of additives), such as medicinal 

In one embodiment, the article will contain different fibers 
having diameters in the range from a few up to about 1,000 
ire preferably about 10 up to about 1000 
most preferably about 20 to about 500 
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factors, anti-inflammatory agents, 
sants and/or antimicrobials by the membrar 
ideal drug delivery system 
incision. Focal appli 



of a wound o 



system suppres- 
of the present 
speed healing 
of anesthetics by 



the articles of the present invention is an ideal drug delivery 
system for pain management. 

In one embodiment, the above described fibrous articles 
are in the form of a membrane. Although the discussion that 
follows is directed to membranes in accordance with the 
io invention, it should be understood that tie discussion i 
The article can contain fibers having different diameters applicable to other three dimensional articles, including, but 
with a controlled percentage of sub-micron diameter fibers. not limited to tubes, rods, plugs, blocks, e c. 
Preferably, the article will contain at least about 10 wt % of In one aspect the invention is directed I o biodegradable 

sub-micron diameter fibers, more preferably at least about and/or bioabsorbable membranes having ; controlled bio- 
20 wt %, and most preferably at least about 50 wt %. 15 degradation rate. The chemical compositi in, i.e., specific 
Optionally, the fibrous article can contain at least one polymers or blends of polymers, the fib:r diameter, the 
medicinal agent. In such a case, one or more medicinal membrane morphology, the molecular weight distribution 
agents may be incorporated into the fibers of the article. and the porosity of the membrane can be used to control the 
Preferably, the medicinal agent(s) will be mixed with the degradation and/or absorption time for the membrane. As 
bioabsorable material, e.g., polymer, prior to formation of 20 such, the membranes containing medicinal iigents within the 
the fibers. 



In loading the medicinal agent, the medicine may need to 
be dissolved in a solvent that may not be compatible with the 
solvent used in the electrospinning process. A block 
copolymer, acting as a surfactant, can then be used to 
circumvent this difficulty. One block that forms the micellar 
shell is a polymer that is compatible with the fibrous material 
that will be used to form the nano-fibers and the other block 
that has a different chemical composition is more compatible 
with the medicinal agent. For example, a block copolymer of 
PLA-co-PEO could form a micelle that is compatible with 
the PLA solution while the inner PEO core that is more 
hydrophilic can be used to load more hydrophilic medicinal 
agents. The micellar property and uptake capacity can be 
determined by the chemical composition of the blocks, the 
molecular architecture, the block length, and the chain 
length ratio of the blocks. The micelles, being compatible 
with the fibrous material can be incorporated 
nano-fibers during processing. ~~ 



fibers themselves are well suited as a controlled drug deliv- 
ery device, since the above-mentioned factors can also be 
used to control the rate of release of the n edicinal agent. 
The membrane can also contain a pluralit y of fibers which 
' have different medicinal agents or differer t c 
of medicinal agents. Such membranes offer inique treatment 
options with combinations of medicinal ag ents and release 
profiles. 

j In one embodiment, the membrane can ci 
of biodegradable and/or bioabsorable no 
The layers can have the same or different chemical 
composition, fiber diameters, membrane morphology and 
porosity as discussed more fully above. Multiple layered 
. membranes can offer yet another way to precisely control 
degradation and drug release rate. 

In such an embodiment, it is also contemplated that 
medicinal agents can be incorporated between the layers of 



the multi-layered membrane, instead of 



xs during processing. Furthermore, the drug release 4Q incorporating the agents 
also be controlled by the micellar property. For In one embodiment, tl 



o the fiber stru :ture itself. 



example, a glassy core can reduce the drug release rate. 

By the term "medicinal agent" is intended any substance 
or mixture of substances which may have any clinical use in 
medicine. Thus medicinal agents include drugs, enzymes, t 
proteins, peptides, glycoproteins, hormones or diagnostic 
agents such as releasable dyes or tracers which may have no 
biological activity per se, but are useful for diagnostic 
testing, e.g., MRI. 

Examples of classes of medicinal agents that can be used ; 
in accordance with the present invention include 
antimicrobials, analgesics, antipyretics, anesthetics, 
antiepileptics, antihistamines, anti-inflammatories, cardio- 
vascular drugs, diagnostic agents, sympathomimetic, 
cholinomimetic, ; " 



the membrane can p 
non-absorbable reinforcement layer, such a: 

In another aspect, the invention relates to a fibrous article 
formed by elecrospinning different fibers of different 
materials, in which the article contains a 
different fibers containing fibers of at leasl o 
able material and fibers of at least one non-biodegradable 
material. 

In addition to drug delivery devices, the membranes of the 
present invention are particularly well suit;d for use a 
adhesion-reducing barrier. 

The membranes of the present invention may be 
employed as barriers between tissues or barriers between 
tissue and bone to prevent binding of tissue to tissue o 



hormones, growth factors, muscle relaxants, adrenergic neu- 
ron blockers, anti-neoplastics, immunosuppressants, gas- 
trointestinal drugs, diuretics, steroids and enzymes. It is also 
intended that combinations of medicinals can be used in 
accordance with the present invention. 

Thus, in one embodiment of the present invention focal 
delivery and application of a medicinal agent to the wound 
site is achieved. Focal application can be more desirable 
than general systemic application in some cases, e.g., che- 



antispasmodics, 55 tissue to bone. Examples of uses of the devices of the present 



invention include, but are not limited to, farriers between 
the internal female reproductive organs (e.g., uterus, fallo- 
pian tubes, ovaries); barriers between the internal female 
reproductive organs and the peritoneum; barriers for u 
) during laparoscopy; barriers between peiiodontal tissue; 
barriers between cartilage or between canilage and bone; 
barriers between digestive organs; spinal barriers; barriers 
between digestive organs and peritoneum; barriers between 
the epicardium and surrounding structures such as the 



motherapy for localized tumors, because it produces fewer 65 pericardium, mediastinal fat, pleura, and slernum; barriers 
side effects in distant tissues or organs and also concentrates between tendons and tendon sheaths, such a 
therapy at intended sites. Focal application of growth wrist and ankle; bone fracture wraps; barriers between 



a addition to, 
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muscle tissue and bone; barriers between the esophagus and 
mediasternum; barriers between the gall bladder or pancreas 
and the peritoneum; and barriers for scrotal surgery. 

The membranes of the present invention may also be used 



for guided ti 



sorbable membrane. The membrane is 
degradable and/or bioabsorbable me 
above. The membrane can also be a bi 
bioabsorbable membrane which contains 



bly the bio- 
s discussed 
liable and/or 
plurality of 

regeneration. For example, the membranes 5 layers, with at least two layers having different biodegrad- 

' |>ther or contains 
bioabsorbable 



may be used to cover internal perforations, such as, for 
example, perforations in blood vessels, internal organs, the 
nasal septum, and the eardrum membrane, and may be used 
to reconstruct the abdominal wall, or to reinforce areas prone 
to or showing scar formation, such as, for example, inguinal io 
hernias. The membrane therefore acts as a patch for covering 
the perforation until complete healing, followed by copoly- 
mer absorption, is achieved. It is also contemplated that the 
membranes may be employed as a cover for burns, whereby 
the device acts as a patch until the burn is healed. 15 

The membranes of the present invention may be 
employed as a scaffolding to treat ulcers. A porous mem- 
brane can be designed to stimulate the proliferation of 
fibrous tissue, as a consequence of which, for example, 



le of ulcers, the wound bed becomes more optimal for 20 allow surgeons to see the 



able and/or bioabsorbable fibers from each i >i 
sub-micron diameter biodegradable and/or b 
fibers, having at least one medicinal agent o 
the fibers. Preferably, the membrane will contain an antibi- 

All embodiments of surgical adhesion b arriers or n 
branes as described herein are well-suited for application by 
techniques involving endoscopy. Endoscopic surgical pro- 
cedures involve the use of cannulas or tubes which provide 
narrow openings into a body and allow mi limally invasive 
access to surgical targets. In laparoscopic procedures, s 
gery is performed in the interior of the abdomen through 
small tubes inserted therein. Endoscopes ars frequently used 
as viewing devices inserted through the cannulas which 



the regeneration of skin. 

The membranes of the present invention may also be 
employed in redirect healing, whereby the devices are 
employed to protect nerves and organ coverings, and 



of the 
and laparoscopic 



a during the healing process, whereby the formation 25 body through the 



Certain endoscopi 
require that the surgical region be insufflat 
any instrumentation inserted into the body 
stantially sealed to ensure that gases do not 



es, organs, and mucosa is 



of fibrous 
prevented. 

The membranes may also be employed to prevent the 
formation of internal blood clots after surgery or traumatic 3Q 

The membranes may also be employed in covering 
denuded epithelial surfaces or weakened areas such as 
damaged middle ear mucosa or other mucosal surfaces, 
thinned vascular walls, or surgically denuded areas, such as, 35 
for example, surgically denuded areas of the pelvis. 

The membranes may also be employed as anti-fibroblastic 
growth barriers, or as nerve coaptation wraps for connecting 
or repairing severed nerve ends or for repairing inflamed 
nerves. 40 

The membranes of the present invention may be formed 
or constructed into various shapes including, but not limited 
to, flat sheets, tubes, rods or other three dimensional articles, 
as necessary to facilitate use in a particular application. 

A post surgical anti-adhesion barrier or membrane of the 45 
present invention is generally used in the form of a sheet of 
a desired size and shape. A surgeon may cut a custom shape 
from preformed sheets to suit particular applications. After 
the membrane is shaped for a suitable fit, the flexible nature 
of the membrane enables the surgeon to conform the mem- 
brane to fit around the area of injury. The membrane can be 
formed into a strip which wraps around the organ, e.g., an 
intestine, to prevent formation of adhesions. An anti- 
adhesion membrane according to the present invention can 
incorporate ties or straps which 

and which are used to tie or otherwise secure the membrane 
to an area of injury. It is further contemplated that the 
anti-adhesion membranes of the present invention may be 
affixed to the wound site by surgical fasteners or sutures. The 
flexible nature of the present anti-adhesion membrane 
allows the membrane to flex and bend along with normal 
movements of the body without being overly restrictive. 

Thus, the invention is also directed to a method for 
reducing post-surgical adhesions. The method involves posi- 
tioning an adhesion-reducing barrier between the site of 
surgical activity and neighboring tissues. The adhesion- 
reducing barrier will contain a biodegradable and/or bioab- 



procedures may 
;d. Accordingly, 
should be sub- 
enter or exit the 
1. Moreover, endoscopic and lap- 
in to operate on 
from the inci- 



aroscopic procedures often require the 
organs, tissues and/or vessels far removed 
sions. Thus, instruments used in such 
cally long and narrow while being 
from a proximal end of the 

In accordance with the present 
for deploying and positioning any of the 
membranes disclosed herein may be 
cannula and deposited at a target site. On 
positioned as desired, it may optionally be 
or otherwise fastened to the target site 
designed to be inserted through a cannula, 
Thus, in another aspect, the invention 
method of reducing surgical adhesions whk h 
tioning an adhesion-reducing barrier 
surgical activity and neighboring tissue, 
cations are discussed above. 

Nanofiber Fabrication Technique foi 
or Bioabsorbable Polymers: Electrospinnii 
with Different Biodegradable and/or ~~ ' 

The membranes according to th< 
preferably produced by electrospinning 
system. Preferably, the multiple jet system 
50 of spinnerets for introducing conducting ~ 
biodegradable and/or bioabsrobable fib 
The use of a multiple jet system to prodi 
accordance with the invention is possibli 
pendent control over different jets. Thus, 
to the membrane 55 produce different fibers as discussed more 
Moreover, sub-micron diameter fibers 
accordance with the invention at a relativel; 
example, a 40% polymer solution being 
spinneret with a diameter of 700 microns, 
a final filament having a diameter of 250 
draw ratio of 7.84xl0 6 . If the extrudate 
from each spinneret has a rate of about 10 
filament speed will be about 136 m/s for 
which is a relatively high spinning 
cially viable process for making membranes 
invention is achievable with a ~ 
nerets operating at such speeds. 



es are typi- 
functionally controllable 



g fluid 



1 any apparatus 
ision barriers or 
rted through a 
:e the barrier is 
sutured, stapled 
vj'ith instruments 

is directed to a 
involves posi- 
sn the site of 
specific appli- 

sgradable and/ 
ng Membranes 
Bioabsorbable Fibers 

gusiig 



multiple jet 
includes an array 
containing the 
able material, 
membranes in 
3y having inde- 
c ifferent jets can 
fully above, 
be produced in 
high yield. For 
n from a single 
which results in 
im, will have a 
(conducting fluid) 
" ul/min, the final 
each spinneret, 
Thus, a commer- 
according to the 
t umber of spin- 
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The conducting fluid will preferably include a solution of 
the polymer materials described more fully above. The 
polymer material used to form the membrane is first dis- 
solved in a solvent. The solvent can be any solvent which is 
capable of dissolving the polymer and providing a conduct- 5 
ing fluid capable of being electrospun. The solvent is pref- 
erably selected from N,N-Dimethyl formamide (DMF), tet- 
rahydrofuran (THF), N-N-dimethyl acetamide (DMAc), 
methylene chloride, dioxane, efhanol, chloroform or mix- 
tures of these solvents. ^ 

The conducting fluid can optionally contain a salt which 
creates an excess charge effect to facilitate the electrospin- 
ning process. Examples of suitable salts include NaCl, 
KH 2 P0 4 , K^HPO^KIOa, KC1, MgS0 4 , MgCl 2 , NaHC0 3 , 
CaCl 2 , or mixtures of these salts. 

The polymer solution forming the conducting fluid will 15 
preferably have a polymer concentration in the range of 
about 1 to about 80 wt %, more preferably about 10 to about 
60 wt %. The conducting fluid will preferably have a 
viscosity in the range of about 50 to about 2000 mPa-s, more 
preferably about 200 to about 700 mPa-s. 20 

The electric field created in the electrospinning process 
will preferably be in the range of about 5 to about 100 
kilovolts (kV), more preferably about 10 to about 50 kV. The 
feed rate of the conducting fluid to each spinneret (or 
electrode) will preferably be in the range of about 0.1 to 25 
about 1000 microliters/min, more preferably about 1 to 
about 250 microliters/min. 

A particular apparatus for producing membranes accord- 
ing to the present invention, which uses a multiple jet 
electrospinning system, is shown schematically in FIG. 1. 30 
Equipment not essential to the understanding of the inven- 
tion such as heat exchangers, pumps and compressors and 
the like are not shown. 

Referring now to FIG. 1, the conducting fluid, which 
contains the biodegradable polymer, is supplied by a micro- 35 
flow pump system 1. The conducting fluid preferably con- 
tains a biodegradable polymer, a solvent and a salt, e.g., 25 
wt % PLA-DMF solution with 1 wt % KH 2 P0 4 . Optionally, 
one or more medicinal agents can be incorporated into the 
conducting fluid. The pump system 1 is linked to a computer 
2 which controls the flow rate of the conducting fluid to 
selected spinnerets by controlling pressure or flow rate. The 
flow rate can be changed depending upon the speed of the 
support membrane 3 and the desired physical characteristics 
of the membrane, i.e., membrane thickness, fiber diameter, 
pore size, membrane density, etc. 

The pump system 1 feeds the conducting fluid to a 
multiple jet system 4 that contains manifolds 5 having a 
bank of spinnerets 6. A charge in the range of about 20 to 
about 50 kV is typically applied to the spinnerets by a high 50 
voltage power supply 7. A hood 8 is positioned over the 
multiple jet system 4 to remove the solvent at a controlled 
evaporation rate. 

A ground plate 9 is positioned below the multiple jet 
system 4 such that an electric field is created between the 55 
charged spinnerets 6 and the ground plate 9. The electric 
field causes tiny jets of the conducting fluid to be ejected 
from the spinnerets and spray towards the ground plate 9, 
forming small, e.g., sub-micron, diameter filaments or fibers. 

A moving support 3 is positioned between the charged 60 
spinnerets 6 and the ground plate 9 to collect the fibers 
which are formed from the spinnerets and to from an 
interconnected web of the fibers. The support 3 moves in the 
direction from the unwind roll 10 to the rewind roll 11. 

The micro-flow control/pumping system is electrically 65 
isolated from the ground and is powered by an isolation 
transformer 12. 
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The post-spinning processors 13 have the functions of 
drying, annealing, membrane transfer (for example, from a 
stainless steel mesh substrate to another ^ubstrate, 1 
Malox mesh) and post conditioning. 

Multiple jets with designed array patten s 
ensure the fabrication of uniform thickness 
brane. Hood, heating and sample treatmei 
also be included to control the solvent evaj 
to enhance the mechanical properties. The 
ness can be precisely controlled from terjs of n 
hundreds of microns. While additional 
modifications to the electrospinning proo 
are described below, a more detailed 
apparatus and method for electrospinning _ 
set forth in co-pending, commonly 
application, Ser. No. 09/859,004, entitled 
Methods for Electrospinning Polyme 
Membranes," filed on May 16, 2001 and ' 
for all purposes by reference. 

Variation of Electric/Mechanical 
ing Fluid 

The properties of the resulting membrane 
electrospinning will be affected by the electric 
cal properties of the conducting fluid. The 
the macromolecular solution can be 
adding ionic inorganic/organic compounds, 
hydrodynamic properties of the fluid deper d 
tion of physical and mechanical propertk s, 
tension, viscosity and viscoelastic behavior 
electrical properties (e.g., charge density 
of the fluid). For example, by adding a 
polymer solution, the fluid surface tension 
so that the electrostatic fields can influence 
the jet flow over a wider range of conditions, 
pump system that can control the flow rate 
pressure or at constant flow rate, the effect 
conducting fluid can be controlled. 

Electrode Design 

In another method for producing 
the present invention, the jet formation 
electrospinning is further refined to provid< 
over fiber size. Instead of merely 
spinneret and a ground plate, a positively 
is still responsible for the formation of the 
droplet and a plate electrode with a small 
center is responsible for the formation of the 
exit hole will provide the means to let ths 
through the plate electrode. Thus, if the 
the positively charged spinneret has a typiial 
2-3 mm and the plate electrode is placed 
about 10 mm from the spinneret, 
potential can be developed. The short 
two electrodes implies that the electrostatic 
be fairly low. However, the resultant 
could be sufficiently strong for the ele 
By varying the electric potential of individual 
jet formation can be controlled and adjusts d 
spinnerets. Such an electrode configurati 
reduce the required applied potential on tl 
typically about 15 kilovolts (kV) down 
to 2 kV (relative to the ground plate pol 
spinneret potential required for stable jet 
depend on the electric/mechanical property s 
conducting fluid. 

Control of Jet Acceleration and ' 

In another method for producing membranes 
the present invention, the jet stream 



a reasons ble 
rt distance 



of the mem- 
chambers can 
ration rate and 
recovered thick- 
5 to 

;mbodiments or 
and apparatus 
:ription of an 
polymeric fibers is 
owned patent 
"Apparatus and 
ic Fibers and 
orporated herein 



Properties of Conduct- 
produced by 
and mechani- 
conductivity of 
Uy changed by 
The magneto- 
on a combina- 
\, (e.g., surface 
of the fluid) and 
" polarizability 
surfactant to the 
can be reduced, 
the jet shape and 
By coupling a 

of viscosity of the 



according to 
process during 
better control 
tig a charged 
ciarged spinneret 
polymer solution 
hole in the 
tream. This 

po! ymer droplet on 
dimension of 
a distance of 
electrostatic 
between the 
potential could 
field strength 
tning process, 
spinnerets, the 
for individual 
should greatly 
spinnerets from 
tybically about 1.5 
' "1. The exact 
formation will 
of the specific 
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spinnerets is also precisely controlled. The jet stream pass- 
ing through the plate electrode exit hole is positively 
charged. Although this stream has a tendency to straighten- 
ing itself during flight, without external electric field con- 
finement the jet will soon become unstable in its trajectory, s 
In other words, the charged stream becomes defocused, 
resulting in loss of control over the microscopic and mac- 
roscopic properties of the fluid. This instability can be 
removed by using a carefully designed probe electrode 
immediately after the plate electrode and a series of 10 
(equally) spaced plate electrodes. The electrode assembly 
(i.e., the probe electrode and the plate electrodes) can create 
a uniform distribution of electrostatic potential along the 
(straight) flight path. The acceleration potential is formed by 
placing the base potential of the spinneret at about +20 to 15 
+30 kV above the target (at ground potential) while the 
electrostatic potential of the probe electrode can be adjusted 
to slightly below the plate electrode base potential. The 
composite electrodes are capable of delivering the jet stream 
to a desired target area. 20 
Jet Manipulation 

In yet another method for producing membranes accord- 
ing to the present invention, individual jet streams can be 
focused by using an "Alternating Gradient" (AG) technique. 
The basic idea is to use two pairs of electrostatic quadrupole 25 
lenses. The second lens has the same geometric arrangement 
as the first lens with a reversed (alternate) electric gradient. 
The positively charged jet stream will be focused, for 
example, in the xz plane after the first lens and then be 
refocused in the xz plane after the second lens. It is noted 30 
that the z-direction represents the direction of the initial 
flight path. By applying an additional triangle-shaped wave- 
form to the potential on one of the pairs of the quadrupole, 
the jet can be swept across the target area, allowing the 
control of the direction of the jet stream. Furthermore, with 35 
varying waveform of the 'sweep' potential, a desired pattern 
on the target can be formed. 

Pattern Design by Electrospinning 

In yet another method for producing membranes accord- 40 
ing to the present invention, reference will be made to FIG. 
2. In this method, the conducting fluid is introduced into the 
electrospinning process through an array of electrospinning 
spinnerets 20. The array of electrospinning spinnerets are 
assembled in a matrix 21 that provides electrical isolation 45 
for the spinnerets, with each spinneret having two pairs (X 
and Y direction) of miniature scanning electrodes 22. The 
spinneret 20 and the scanning electrodes 22 are electrically 
wired such that each individual polymer solution jet can be 
turned on and off and be steered to a finite size target area. so 
As each spinneret 20 can be turned on/off independently by 
electricity, the response time will be relatively fast. Also, 
each spinneret 20 can deliver a different solution, e.g., each 
containing a different polymer or different drug or concen- 
tration of drug. A designed pattern can be obtained in the 55 
resultant membrane. This pattern can be precisely controlled 
by a computer and can be tailored for specific medical 
applications. 

Multiple Jet Slit-Die Geometry 

In another apparatus for producing membranes in accor- 60 
dance with the present invention, reference is made to FIGS. 
3(a)-3(c). In this apparatus, a multiple jet system 30 com- 
prises an array of electrospinning spinnerets 31, each spin- 
neret 31 being defined by a slit 32 formed in a slit-die 33 that 
is coupled to high voltage to serve as an electrode disposed 65 
above the ground plate 34. As shown in detail in FIG. 3(c), 
the spinnerets 31 are each interconnected by selectively 
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narrow slits 35, such that each spinneret 31 
to a neighboring spinneret 31 by a slit 35. 
fluid will not flow through the slits 35, but 
each of the spinnerets 31 in a more robust 

The slit-die approach permits three c 
that are not available by using individual 
slit-die is made up of two separate com 
trolled dimensions of the effective 
nerets. In other words, by changing the 
two components, the effective openings 
become available. (2) The presence of 
larger openings permits fluid flow and there 
pressure difference between the spinnerets, 
of slits can also reduce potential blockage 

The membranes produced by the slit-c 
achieve a larger degree of flexibility in 
example, different size nanofibers can be 
same slit-die setup. 

Control of Degradation Rate Through 



interconnected 
The conducting 
flow through 



will 



:t advantages 
erets. (1) The 
its with con- 
fer the spin- 
; between the 
f the spinnerets 
between the 
by equalizes the 
[3) The presence 
of the fluid, 
-d e approach can 
tb! structures. For 
pr Dduced from the 

Pracessing Param- 



t fibi:r 



o control 



■ potassium 



solution, l 



). Thus, 



As discussed above, very different 
morphology in the membrane can be obtained 
the parameters in the electrospinning 
radation rate is inversely proportional 
the manipulation capability through proces 
provides not only the means to control the 
of the membrane but also the ways to 
efficiency and the drug release rate. 

For example, it is believed that a change 
(through the addition of salts) 
fiber diameter. When 1 wt 
(KH 2 P0 4 ) was added to a PLA-co-PGA 
diameter became much thinner (see SEM 
than the one with no salt added (FIG. 5). ~ 
that higher excess charge density generally 
duction of thinner fibers and lower excess 
favors the production of thicker fibers. SeN 
of salts (e.g. NaCl, KH 2 P0 4 , KIO and K 3 PO, 
biologically compatible to the body, 

Control of Drug Release Rate and Test 
Effect 

It is also believed that when a drug 
fibers of the membrane, the drug release 
fiber diameter. As such, the release 
the membrane can be precisely controlled 
procedures often lead to adhesion formation 
colon and rectum. This additionally 
post-operative infection. The addition of 
membrane with scheduled release may be 
risk of abscess and infection. 



EXAMPLES 



ve been carried 
? the invention, 
of membranes 
membranes and 



The following non-limiting examples hi 
out to illustrate preferred embodiments o 
These examples include the preparation 
according to the invention, analysis of the 
testing of the membranes. 

Example 1 
A membrane was prepared as follows: it 
copolymer/DMF solution was prepared by s c 
PLG copolymer pellets (inherent viscosity of 0.55-0.75. 
Birmingham Polymers Inc., AL) into an N.N-dimethyl for- 
mamide (DMF) solvent at room temperature. The solution 
was then loaded into the 5 ml syringe fitted with a gauge 20 



diameter and 
by changing 
As the deg- 
fiber diameter, 
_ parameters 
degradation rate 
drug loading 



charge density 
ntly affect the 
phosphate 
the fiber 
picture in FIG. 4) 
believed 
favors the pro- 
charge density 
eral other kinds 
4 ), which are all 
contemplated, 
of Antibacterial 



incorporated into the 
is a function of 
drug trapped in 
Many surgical 
involving the 
;s the risk of 
Antibiotics to the 
reduce the 



used tc 



US 6,689,374 B2 



17 



needle, and delivered through a Teflon tube (0.03" ID) to the 
exit hole of an electrode having a diameter of 0.025". The 
solution was pumped and controlled by a syringe pump 
(Harvard Apparatus "44" series, MA) at a flow rate of 20 
microliters/min. A25 kV positive high voltage (by Glassman 
High Voltage Inc.) was applied on the electrode. The dis- 
tance from the tip of the electrode to the grounded collecting 
plate was 15 cm. A tiny electrosp inning jet was formed and 
stabilized in 30 seconds under these conditions. The col- 
lecting plate was movable and controlled by a stepper motor. 
The collecting plate was continually moved at a rate of 1 
mm/sec until a membrane having a relatively uniform thick- 
ness of about 100 microns was obtained. An SEM (Scanning 
Electron Microscopy) image of the membrane is shown in 
FIG. 6. 

Example 2 

A biodegradable and bioabsorbable membrane according 
to the present invention, fabricated by a multi-jet electro- 
spinning process, was prepared as follows: an 8 wt % 
polyacrylonitrile (Aldrich Chemical Company, Inc.)/DMF 
solution was prepared by slowly adding and dissolving the 
polymer powders into an organic solvent, which was DMF 
(N,N-dimethyl formamide), at room temperature. After the 
solution was completely mixed, it was then loaded into 6 
individual syringes, each with a volume of 5 mL. The 
syringes were fitted with gauge 20 needles and the solution 
was delivered through Teflon tubes (0.03" ID) to 6 
electrodes, each having a tiny hole with a diameter of 
0.025". The polymer solution was finally pumped and con- 
trolled by a syringe pump (Harvard Apparatus "44" series, 
MA) at a flow rate of 25 microliters/min. In addition, a 26 
kV positive high voltage (by Glassman High Voltage Inc.) 
was applied on the electrodes in order to obtain the existence 
of si 
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and the voltage 



polymer solution prior t( 

applied to the electrode was adjusted. The d Tig solution was 
prepared by dissolving 0.6 grams of Mefoxin (Merck & Co 
Inc.) into 0.4 grams of water. The drug si 

5 very slowly (dropwise) added to the polyrr er solution with 
gentle stirring until it re ached a final PLG/di ug ratio of 1 9 : 1 . 
A 20 kV positive high voltage (by Glassm in High Voltage 
Inc.) was applied on the electrode. All other parameters 
the same as Example 1. An SEM (Scanning Electron 

10 Microscopy) image of the membrane conta ning the drug is 
shown in FIG. 7. 

The drug release rate was determined b 
membrane in a phosphate buffer solution (F BS) and then by 
monitoring the drug concentration in the bi ffer solution v 

15 time using an ultra violet (UV) light (234 n 

measurement. The drug release (in PBS tuffer) profile is 
shown in FIG. 8. 

Example 5 

20 A membrane was fabricated as follows: .t 

polymer/DMF solution was prepared by slowly dissolving 
the PLA pellets. The solution was fed thrcugh the syringe 
pump system to the electrodes at a flow rate of 20 
microliters/min per jet. A 25 kV positive high voltage w 
applied to the electrode. FIG. 9 shows a 
electron microscopy (SEM) image of an electrospun PLA 
membrane made by the procedures described above. It has 
an average fiber diameter of 200 nm. The typical membrane 
density is about 0.25 g/cm 3 , as compared c 

30 (PLA) density of 1.3 g/cm 3 . 



Example 6 

An in-vitro biodegradation test was conducted to evaluate 
ppu.u un incciecu-oaesmoraer to ootain ine existence the performance of e i ectr ospun membranes. The biodegra- 
well-stabilized electrospinnmg jets. The distance from datioQ (est was conducte / usinB the fo il owmg met £ od> 



the tip of the electrodes to the grounded collecting pli 
15 cm and the tips of the electrodes were spaced about 2 cm 
apart from each other. Closer spacing between electrodes 
(spinnerets) could have been achieved by changing appro- 
priate parameters, e.g., by increasing the applied electric 
potential. The collecting plate was movable and controlled 
by a step motor. The collecting plate was continually moved 
at a rate of 1 mm/sec until a bioabsorable and biodegradable 
membrane having a relatively uniform thickness of about 
' s obtained. 



by placing the 



A 35 wt % PLA 



the neat resin 



dation test was conducted using the fol o 
which is routinely used in the suture ii dustry: a PGA 
membrane was submerged in a buffer solution containing 
sodium phosphate, potassium phosphate, and distilled water 
40 (pH 7.3), and maintained at 37° C. The weight loss was 
measured as a function of time. The test was repeated for a 
PLA membrane. The results for both membranes are plotted 
in FIG. 10. Areview of FIG. 10 reveals that I he major weight 
loss (50%) varies from 2 weeks (PGA) to about 6 months 
45 (PLA). 

Example 7 



Example 3 

A polymer solution suitable for electrospinning, which 
contained a drug, was prepared as follows: A sample of so prepared by slowly dissolving PLA. polymtTr peUetsTav'i'ng 



Poly(DL-lactide) ("PLA") purchased from Birmingh; 
Polymers, Inc., Birmingham, Ala. (Product No. D98120) 
having a weight average molecular weight of 1.09x10 s 
g/mole and a polydispersity of 1.42 was stored in a vacuum 
oven at room temperature. The pellets were dissolved in 
DMF purchased from Fisher Scientific, Fair lawn, N.J. to 
form a 25 wt % solution. The antibiotic drug used was 
Mefoxin™ from Merck & Co., Inc., West Point, Pa. The 
antibiotic was dissolved in distilled water and then mixed 
with PLA/DMF solution in appropriate 
solution with a PLA/drug ratio of 9:1. A stable jet 
formed using this solution in the electrospinning process 
described in Example 1. 

Example 4 

A second membrane was prepared in a similar manner to 
Example 1, except that a drug solution was added to the 



the same molecular weight and poly cispersity as in 
Example 3 into a DMF solvent. A drug s< lution v 
pared by dissolving 0.6 grams of Mefoxin (Merck & Co 
Inc.) into 0.4 grams of water. The drug sc lution was then 
very slowly (dropwise) added to the polymer solution with 
gentle stirring until it reached a final PLA/diug ratio of 19:1. 
A 20 kV positive high voltage (by Glassm; in High Voltage 
Inc.) was applied on the electrode. All other Parameters were 
the same as Example 1. A membrane having a network 
to form the 60 structure consisting of large size filarm :nts (2 micron 
: " diameter), very fine fibrils (50 nanometer diameter) and 

small blobs was obtained by varying the solution feed rate 



over a range from 20 fiVmin to 70 /ul/i 
resulting membrane is shown in FIG. 11. 
? The membrane was then placed in tl 
described in Example 6. After one week o 



the control buffer, the fine fibers completsly disappeared 



An SEM of the 



buffer solution 
degradati 
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(FIG. 12). A comparison of FIGS. 11 and 12 reveals that this 
morphology results in a rapid weight loss in the first week. 
Thus, if more rapid weight loss is desired, a membrane 
having a higher concentration of thin fibrils can be produced. 

Example 8 

An experiment was conducted to evaluate the barrier 
properties of different membranes for preventing post- 
operative induced adhesions. The experiment used an objec- 
tive rat model (ORM) to evaluate the performance of 1 
electrospun PLA-co-PGA membranes, with and without an 
antibiotic drug (Mefoxin) contained in the membrane 
structure, which were prepared in the same manner as in 
Examples 1 (without the drug) and 4 (with the drug). A 
control group was also used for comparison. 3 

The test procedures used were as follows: the membrane 
being tested was first sterilized using S0 Co radiation source. 
The membrane sample was sealed in a plastic bag in a 
container filled with dried nitrogen gas. The package then 
received y -radiation doses from 5.15-25 kGy, depending on 5 
the mass. This procedure has been well documented in the 
literature. 

300-450 gram male Sprague-Dawley rats were used in 
the experiments. They were individually housed and given „ 
food and water ad libitum both pre- and postoperatively. ' 
Anesthesia was produced using an IM ketamine (80 mg/kg) 
and xylaxine (10 mg/kg) injection into the right hindleg 
prior to the celiotomy. Euthanasia was performed using 
intracardiac injection of pentobarbital (60 mg/kg). , 

The rats were divided into two procedure groups. The first 
group underwent a midline celiotomy and the cecum iden- 
tified and scored using an abrasive pad until serosal bleeding 
was noted on the anterior surface. Alxl cm square of 
abdominal wall muscle was then excised directly over the , 
cecal wound. The first group experiment was conducted 
using 12 animals with the membrane and 14 animals with 
the membrane containing antibiotics, which were compared 
to 12 control animals (cecal abrasions and buttons without 
any membrane). The celiotomy was then closed in two A 
layers immediately (control, n-12), after a barrier was laid 
in between the cecum and the abdominal wall (n-12), or 
after an antibiotic-impregnated barrier was placed in the 
aforementioned are (n-14). All rats underwent a second 
celiotomy after 4 weeks. The presence or absence of adhe- 4 
sions from the cecum to the abdominal wall was noted. The 
cecum was then isolated from the rest of the bowel and the 
breaking strength of the adhesion was measured by using a 



In the first group of experiments, cecal adhesions were 
noted in 67% of the control set, 50% of the set with barriers, 
and 38% of the set with barriers impregnated with antibodies 
(see FIG. 13). Tensiometer readings on those adhesions 
present were found to be 6.18, 5.76, and 4.30 respectively 
(see FIG. 14). Only adhesions from the cecum to the : 
abdominal wall were counted. Adhesional bands between 
the bowel and other abdominal organs were noted on 
occasion, but were not taken into account. 

In the second group experiment, Marlex mesh, a material 
often used in abdominal surgery to repair the abdominal < 
wall, was used to test the membranes. This mesh has the 
severe complication of causing adhesions to the intestines 
which not only leads to bowel obstruction, but also fistula 
formation. Both complications can be devastating to 
patients. The Marlex mesh was applied to a defect created in < 
the abdominal wall and 10 animals had the barrier mem- 
brane interposed between the mesh and the intestines, while 



10 controls had the Marlex placed with 
membrane. The second group of 
placed into the abdominal cavity. The abdc 
using a midline celiotomy and : 
mesh was placed over the cecum and fixed 
wall using two silk sutures. The abdomens 
immediately closed in two layers (control, 
barrier placed in between the cecum and 
All animals underwent a second celiotomy 
The presence or absence of adhesions I 
and mesh were noted. 

In the group of rats with Marlex mesh 
all has adhesions from the cecum to the 
mesh also has a multitude of other 
omentum, stomach, and liver making 
adhesional strength from cecum to abc 
lematic. The set with barriers was found 1 
with adhesions from the cecum to the abd 

Overall, the test results showed good t 
the membranes, i.e., a low incidence of i: 
the membrane embedded area, while 
induced in the control area. The membraie 
antibiotic showed better barrier properties 
brane without the antibiotic. 

Example 9 

The antibacterial effect of drug contaiiing membranes 
was tested using the following procedures: T 
Broth (LB) and 80 microliters of E. coli cells 
each of four sample test tubes. A 7.0x7.0 
PLA electrospun membrane having a thickness of about 75 
microns (with a corresponding total weigh of 100 mg) was 
added to one of the test tubes. A second i ample of a PLA 



io interposing 
Marlex mesh 
men was opened 
square of Marlex 
to the abdominal 
were then either 
1-10) or had a 
he mesh (n-10). 
after 4 weeks. 



first set of rats 
h (100%). The 
adhesions to the 
measurement of 
wall prob- 
aave only one rat 
ialwall(10%). 
•x properties of 
ed adhesion in 
adhesion was 
containing the 
than the mem- 



membrane containing approximately 4.83 



was added to another test tube. A third sample of a PLA 
membrane containing approximately 8. " ~ 
was added to a third test tube. The last te 
a control. 

LB was used to grow the E. coli bac terial cells. The 
sample tubes were placed in an incubator overnight. The 
temperature of the incubator was set at 37° C. and the 
shaking rate was set at 225 rpm. Shaking was necessary in 
order for the E. coli bacteria to receive ;nough n 
needed to grow. Using a SmartSpec *3000 instrument, the 
optical density (OD) at the 600 nm wavelength for E. coli 
bacteria was recorded and the " 
tube was calculated. The cell 
to the product of the optical density of each sample and 
conversion factor. As the optical density increases (the broth 
becomes more turbid), the 
increase. The results are shown in FIG. 1! 
unit being cell/ml or the bacteria concentr ition. 

A review of FIG. 15 reveals that the growth of E. coli 
bacteria is completely prohibited by the release of the 
Mefoxin antibiotic drug from the membran^ containing 8.85 
mg of the drug. Also, it appears that the h: gher the loading 
concentration of Mefoxin, the more effective the membrane 
becomes. 

Example 10 

An in-vivo biodegradation test was condi Lced using a PLA 



mg of Mefoxin 



should 
with the y-axis 



electrospun membrane having an average fiber diameter ii 
the range of about 100-150 nanometers. The membrane was 
fabricated as follows. A 25 wt % PLA solu ion in DMF was 
prepared. A 60 wt % Mefoxin drug in aqueous solution was 
then added to the polymer solution to reach a final PLA/drug 
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ration of 9:1. A 20 kV positive voltage was applied to the 
electrode. An SEM of the initial as spun membrane (FIG. 16) 
shows smooth fibrous structures with an average fiber diam- 
eter between 100-150 nm. The membrane was implanted 
into a rat and removed after one week, following the 5 
procedures described in Example 8. An SEM of the partially 
biodegraded membrane is shown in FIG. 17. 

A comparison of FIGS. 16 and 17 reveals that the mor- 
phology of the membrane has been changed, resulting in a 
more porous structure. 10 

Example 11 

A bioabsorbable composite membrane consisting of two 
polymer components of different hydrophobicity according 
to the present invention was prepared as follows: First, a 6 IS 
wt % polyethylene oxide (PEO)/DMF solution was prepared 
by slowly adding the polymer powders into an organic 
solvent, which was DMF (N,N-dimethyl formamide). 
Second, a 30 wt % polylactide glycolide (PLG)/DMF solu- 
tion was made by dissolving the polymers into DMF as well. 20 
After these two solutions were each completely homog- 
enized at the room temperature, they were then loaded 
separately into two individual syringes, each with a volume 
of 5 mL. Next, the syringes were fitted with 2 gauge 20 
needles and delivered through Teflon tubes to the electrodes, 25 
each having a tiny hole with a diameter of 0.025". The 
polymer solutions were finally pumped and controlled by a 
syringe pump at a flow rate of 20 microliters/min. In 
addition, a 25 kV positive high voltage was applied on two 
separate electrodes in order to obtain the existence of 30 
well-stabilized electrospinning jets. The distance from the 
tips of the electrodes to the ground collecting plate was 15 
cm. Furthermore, a step motor was utilized in order to 
control the movement of the ground collector so that it was 
capable to move in different directions, either left or right. 3S 
The collecting plate was moving at a rate of 5 steps/sec 
continuously until a bioabsorable membrane having a rela- 
tively uniform thickness of 100 microns was achieved. 

Example 12 w 
A bioabsorbable composite membrane consisting of two 
component polymer blend of different hydrophobicity 
according to the present invention was prepared as follows: 
First, a 2 wt % polyethylene oxide (PEO, Mw=100,000 
g/mol)/DMF solution was prepared by slowly adding the 45 
polymer powders into an organic solvent, which was DMF 
(N,N-dimethyl formamide). Second, a 20 wt % polylactide 
glycolide (PLG)/DMF solution was made by dissolving the 
polymers into DMF as well. These two solutions were mixed 
together and were each completely homogenized at the room 50 
temperature. They were then loaded separately into two 
individual syringes, each with a volume of 5 mL. Next, the 
syringes were fitted with 2 gauge 20 needles and delivered 
through Teflon tubes to the electrodes, each having a tiny 
hole with a diameter of 0.025". The polymer solutions were 55 
finally pumped and controlled by a syringe pump at a flow 
rate of 20 microliters/min. In addition, a 25 Kv positive high 
voltage was applied on two separate electrodes in order to 
obtain the existence of well-stabilized electrospinning jets. 
The distance from the tips of the electrodes to the ground 60 
collecting plate was 15 cm. Furthermore, a step motor was 
utilized in order to control the movement of the ground 
collector so that it was capable to move in different 
directions, either left or right. The collecting plate was 
moving at a rate of 5 steps/sec continuously until a bioab- 65 
sorable membrane having a relatively uniform thickness of 
100 microns was achieved. 
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what is presently 



intended 
included in 
described in the 



Thus, while there has been disclosed 
believed to be preferred embodiments of the invention, those 
skilled in the art will appreciate that other and further 
changes and modifications can be made without departing 
from the scope or spirit of the invention, 
that all such other changes and modificatidns 
and are within the scope of 
appended claims. 

We claim: 

1. A system for controlled delivery of ,i medicinal agent 
comprising a medicinal agent to be delivered and a biode- 
gradable and/or bioabsorbable fibrous article physically 
associated with said medicinal agent to release said agent 

a controlled rate, said fibrous article compiising a composite 
of different biodegradable and/or bioabsorbable fibers or an 
asymmetric composite of different biodegradable and/or 
bioabsorbable fibers. 

2. A system according to claim 1, when in different fibers 
refers to fibers of different diameters. 

3. A system according to claim 2, wherein said fibers of 
different diameters include fibers having diameters less than 
1 micron and fibers having diameters grea er than 1 micron. 

4. A system according to claim 3, wh :rein said fibrous 
article comprises at least about 20 weigi t percent of sub- 
micron diameter fibers. 

5. A system according to claim 4, wherein said fibrous 
article comprises at least about 50 weigt t percent of sub- 
micron diameter fibers. 

6. A system according to claim 1, wherein different fibers 
refers to fibers of different biodegradable ind/or bioabsorb- 
able materials. 

7. A system according to claim 1, wherein different fibers 
refers to fibers of different diameters and different biode- 
gradable and/or bioabsorbable materials. 

8. A system according to claim 1, wherein said biode- 
gradable and/or bioabsorbable fiberizab:e material c 
prises a biodegradable and/or bioabsorbable polymer. 

9. A system according to claim 8, wherein said biode- 
gradable and/or bioabsorbable polymer cc mprises a 
mer selected from the group consisting of a 
lactide, dioxanone, caprolactone, trimetl yleri 
ethylene glycol and lysine. 

10. A system according to claim 8, wlJerein said biode- 
gradable and/or bioabsorbable polymer comprises a biode- 
gradable and/or bioabsorbable linear alipl atic polyester. 

11. A system according to claim 10, wl erein said biode- 
gradable and/or bioabsorbable linear aliphatic polyester is a 
polyglycolide or a copolymer poly(glycollde-co-lactide). 

12. A system according to claim 1, wherein said biode- 
gradable and/or bioabsorbable f 
prises a material derived from biological ti 

13. A system according to claim 1, wherein said fibers 
have diameters in the range from about ] 
nanometers. 

14. A system according to claim 13, \s 
have diameters in the range from about 2 



15. A system according to claim 1, fi rther c 
small blobs of biodegradable and/or bioabi orbable n 

16. A system according to claim 1, further comprising a' 
least one medicinal agent. 

17. A system according to claim 16, \ 
nal agent is contained within said fibers. 

18. A system according to claim 17, 1 
fibers with different concentrations of said n 

19. A system according to claim 17, f 
fibers with different medicinal agents. 



material com- 



10 up to 1,000 
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20. A system according to claim 1, further comprising a 
plurality of layers, wherein at least one of the layers com- 
prises a composite or asymmetric composite of different 
biodegradable and/or bioabsorbable fibers. 

21. A system according to claim 20, further comprising at 
least one medicinal agent between at least two of said layers. 

22. A system according to claim 1, wherein said fibrous 
article has a controlled degradation rate. 

23. A system according to claim 1, wherein said fibrous 
article is a membrane. 3 

24. A system according to claim 23, wherein said mem- 
brane has a thickness in the range of about 10 to about 5000 
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25. A system according to claim 24, wherein said mem- 
brane has a thickness in the range of about 20 to about 1000 is 



26. A method for controlled delivery of a medicinal agent 
which comprises implanting at a target site in an animal, a 



system for controlled delivery of a i 
system comprising a medicinal agent 
biodegradable and/or bioabsorbable 
cally associated with said medicinal 
agent at a controlled rate, wherein said 
composite of different biodegradable and 
fibers or an asymmetric composite of dif 
able and/or bioabsorbable fibers. 

27. A method according to claim 26, 
fibers refers to fibers of different diamete 

28. A method according to claim 26, 
fibers refers to fibers of different bioc 
bioabsorbable materials. 

29. A method according to claim 26, 
fibers refers to fibers of different c 
biodegradable and/or bioabsorbable 



inal agent, said 
delivered and a 
s article physi- 
age^it to release said 
le comprises a 
bioabsorbable 
;nt biodegrad- 

wherein different 
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FIG. 5 SPUN MEMBRANE WITHOUT SALT 
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FIG- 9 SEM IMAGE OF ELECTRQSPUN PLA MEMBRANE 
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FIG. 1 1 DUEL THICKNESS PLA MEMBRANE 
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FIG. 12 MEMBRANE AFTER 1 WEEK. OF DEGRADATION 
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FIG. 16 SEM IMAGE OF AS-SPUN MEMBRANE 
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BIODEGRADABLE AND/OR 
BIOABSORBABLE FIBROUS ARTICLES AND 
METHODS FOR USING THE ARTICLES FOR 

MEDICAL APPLICATIONS 



BACKGROUND OF INVENTION 



The present invention relates to biodegradable and/or 
bioabsorbable fibrous articles. More specifically, the present 
invention is directed to products and methods having utility 10 
in medical applications. In one embodiment, the fibrous 
articles of the invention are polymeric membranes. 

Polymeric membranes produced by an electrospinning 
technique have been suggested as being useful for biological 
membranes such as substrates for immobilized enzymes and 
catalyst systems, wound dressing materials and artificial 
blood vessels, as well as for aerosol filters and ballistic 
garments. 

Electrospinning is an atomization process of a conducting 20 
fluid which exploits the interactions between an electrostatic 
field and the conducting fluid. When an external electrostatic 
field is applied to a conducting fluid (e.g., a semi-dilute 
polymer solution or a polymer melt), a suspended conical 
droplet is formed, whereby the surface tension of the droplet 2S 
is in equilibrium with the electric field. Electrostatic atomi- 
zation occurs when the electrostatic field is strong enough to 
overcome the surface tension of the liquid. The liquid 
droplet then becomes unstable and a tiny jet is ejected from 
the surface of the droplet. As it reaches a grounded target, the 30 
material can be collected as an interconnected web contain- 
ing relatively fine, i.e. small diameter, fibers. The resulting 
films (or membranes) from these small diameter fibers have 
very large surface area to volume ratios and small pore sizes. 
However, no practical industrial process has been imple- 35 
mented for producing membranes useful for medical appli- 
cations. This is because with the production of small fibers, 
such as nanosize fibers, the total yield of the process is very 
low and a scale-up process, which maintains the perfor- 
mance characteristics of the films (or membranes), cannot be ^ 
easily achieved. 

U.S. Pat. No. 4,323,525 is directed to a process for the 
production of tubular products by electrostatically spinning 
a liquid containing a fiber-forming material. The process 
involves introducing the liquid into an electric field through 45 
a nozzle, under conditions to produce fibers of the fiber- 
forming material, which tend to be drawn to a charged 
collector, and collecting the fibers on a charged tubular 
collector which rotates about its longitudinal axis, to form 
the fiberous tubular product. It is also disclosed that several 50 
nozzles can be used to increase the rate of fiber production. 
However, there is no suggestion or teaching of how to 
control the physical characteristics of the tubular product, 
other than by controlling the charge and rotation speed of the 
tubular collector. It is further noted that the spinning process 55 
of the '525 patent is used to fabricate tubular products 
having a homogenous fiber matrix across the wall thickness. 

U.S. Pat. No. 4,689,186 is directed to a process for the 
production of polyurethane tubular products by electrostati- 
cally spinning a fiber-forming liquid containing the poly- 60 
urethane. It is disclosed that auxiliary electrodes can be 
placed around the collector to help facilitate collection of the 
fibers. It is disclosed that the auxiliary electrodes can be 
arranged to facilitate separation or to prevent adhesion of the 
formed fibers. There is no teaching or suggestion of inde- 65 
pendently controlling jet formation, jet acceleration and 
fiber collection. It is also noted that the spinning process of 



) become 



e norr lal r 
iatu; al n 



, only 



the '186 patent is used to fabricate tubulai 
a homogenous fiber matrix across the wall 

In one aspect, the present invention ii 
and methods for preventing the formatior 
adhesions between a healing trauma site 
rounding tissue. 

Adhesion formation is a natural and 
quence of surgery. Injury, surgical 
other operative damage to the periton 
abdominal cavity results in an outpouring 
guinous exudate. This exudate can acci 
surface and subsequently coagulate, 
bands between abutting surfaces which 
nized by fibroblast prolife 
adhesions. Adhesions are also known 
fracture sites resulting in adhesions between 
hire surface and the surrounding tissue. 

Adhesions can lead to 
example, adhesions that form in relation 
such as bowel resection, hernia repair, 
obstruction of the intestine. Adhesions that 
fracture site may reduce or hinder the 
the area of repair by restricting the 
tendons over the adjacent bone. Adhesions 
the vicinity of nerves and disrupt nerve 
a resultant diminution of sensory or mo 
sions have also been known to lead tc 
chronic debilitating pain and difficulty 
tions. Typically, a patient will often have 
tional surgery to remove adhesions, 
reform. 

Various methods and substances hi 
hope of preventing post-operative adhesio is. 
and surfactants have been suggested. For 
No. 4,911,926 is directed to adhesion 
cation of aqueous and non-aqueous coi 
oxyalkylene block copolymer to injured 
toneal or pleural cavity or organs situated 
to surgical injury. 

Other surgical adjuvants have been used 
minimize or prevent adhesions following 
anti-inflammatory drugs (such 
decrease vascular permeability, 
fibroblast proliferation, anticoagulants (s 
antibiotics (such as vibramycin or met 
incidence of infection. However, the use 
positions which are applied to the surgical 
had limited success in preventing adhesions. 

Another approach to adhesion preventio 1 
cation of a physical barrier at the area 
theory is that a mechanical barrier, 
injured, healing serosal surfaces, which 
serosal healing has taken place will preveht 
the sequela, e.g., small bowel obstruction, 
materials in the form of barrier layers to p x 
of tissues which have been suggested incluc e 
on cellulose materials. However, the 
cellulose based products to prevent 
drawbacks. For example, the perfoi 
adhesions is limited. Furthermore, certain 
been reported to have handling problem 
can cause scars after use. 

U.S. Pat. No. 4,674,488 is directed to i 
layer of soft biological tissue, such as 
fabric films, collagen membranes, or re( 
or Dacron™, mesh, at the interface of a bono 
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1 attempt to 
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s heparin) and 
to reduce the 
drugs or corn- 
have only 



involves appli- 
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jersists until all 
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Bioabsorbable 
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products based 
of commercial 
adhesions has certain 
in preventing 
products have 
during surgery or 

lagen, collagen- 
" collagen 
fracture and the 
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surrounding tissue. U.S. Pat. No. 4,603,695 is directed to a 
molded polymeric material for preventing adhesion of vital 
tissues. The polymeric material is made of a biodegradable 
and absorbable polymer such as certain polyesters, collagen, 
amino acid polymers and chitin and may be placed where 5 
there is a possibility of adhesion setting in. Although bio- 
logical materials, such as collagen, are generally 
"biocompatible," they can generate scars when implanted in 
certain forms, and it is difficult to precisely control the 
degradation of such materials. 10 

Other materials have also been used to form physical 
barriers in an attempt to prevent adhesions, including sili- 
cone elastomers, gelatin films and knit fabrics of oxidized 
regenerated cellulose (hereinafter ORC). In some cases, it is 
suggested that heparin, heparinoid, or hexuronyl hexosami- 15 
nogly can be incorporated into the matrix of an ORC fabric 
or other matrices of hyaluronic acid, cross-linked and 
uncross-linked collagen webs, synthetic resorbable 
polymers, gelatin films, absorbable gel films, oxidized cel- 
lulose fabrics and films which are fabricated into a form that 20 
is said to be drapable, conformable and adherent to body 
organs and substantially absorbable within 30 days. See, 
e.g., U.S. Pat. No. 4,840,626 or EPA Publication No. 0 262 
890 or EPA Publication No. 0 372 969. However, as dis- 
cussed above, it is difficult to precisely control the degra- 2s 
dation rate of many of these materials and scar tissue can 
result from use of many of the materials. 

Physical barriers are also used to cover and protect wound 
sites. PCT/US9 1/08972 is directed to a surgical article 
having a bioabsorbable fibrous matrix in a laminar relation- 30 
ship with a bioabsorbable cell barrier sheet. U.S. Pat. No. 
5,092,884 and EPA Publication No. 0 334 046 are directed 
to a surgical composite structure having absorbable and 
non-absorbable components which may be useful for repair- 
ing anatomical defects, e.g., preventing hernia formation in 35 
an infected area. The nonabsorbable portion of the compos- 
ite acts as a reinforcement material. The growth of natural 
tissue is said to be enhanced by controlled degradation of the 
absorbable portion. U.S. Pat. No. 5,035,893 relates to a 
wound covering composition having a sheet of biopolymeric 40 
material and a film of polyurethane resin. An antibacterial 
agent may be provided between the polyurethane film and 
the sheet of biopolymeric material, thereby forming a three- 
layer wound covering material. With the cure of the wound, 
it is said that the biopolymeric material is taken in as living 45 
tissue and the polyurethane film can be peeled off from the 
sheet without hurting the surface of a wound. Again, the use 
of many biopolymeric materials can result in the formation 
of scar tissue. 

Thus, there is a need for improved membranes and other so 
fibrous articles, which can be produced on an industrial 
scale, and for improved products and methods for reducing 
the formation of post-surgical adhesions, as well as for other 
medical applications, which do not have the above- 
mentioned disadvantages. 55 
SUMMARY OF INVENTION 

According to the present invention, it has now been found 
that biodegradable and/or bioabsorbable articles, e.g. 
membranes, having improved performance and handling 60 
characteristics for medical applications can be provided 
without the above-mentioned disadvantages. 

In one aspect, the invention relates to a biodegradable 
and/or bioabsorbable fibrous article formed by electrospin- 
ning fibers of biodegradable and/or bioabsorbable fiberiz- 65 
able material, in which the article contains a composite of 
different biodegradable and/or bioabsorbable fibers. 



In another aspect, the invention relates 
and/or bioabsorbable fibrous article form 
ning fibers of biodegradable and/or bioabsorbable fi 
able material, in which the article co 
composite of different biodegradable and|/or 

Different fibers can include fibers of different diameters, 
fibers of different biodegradable and/or bioabsorbable 
materials, or fibers of both different diameters and different 
biodegradable and/or bioabsorbable materials. 

Preferably, the article will contain at least about 20 weight 
percent of submicron diameter fibers, mere preferably, the 
article will contain at least about 50 v ' ' 
submicron diameter fibers. 

Preferably, the biodegradable and/or bioabsorbable fiber- 
izable material is a biodegradable and/or bioabsorbable 
polymer. The biodegradable and/or bioabsorbable polymer 
preferably contains a monomer selected from the group 
consisting of a glycolide, lactide, dioxanc ne, caprolactone, 
trimethylene carbonate, ethylene glycol a id lysine. 

In one embodiment the biodegradable and/or bioabsorb- 
able polymer contains a biodegradable anc /or bioabsorbable 
linear aliphatic polyester, more preferably 1 " 
a poly(glycolide-co-lactide) copolymer. 

In another embodiment the biodegrada ale and/or bioab- 
sorbable fiberizable material c 



material derived 
from biological tissue, e.g., collagen, gelatin, polypeptides, 
proteins, hyaluronan acid and derivatives or synthet: 
biopolymers 

The fibers of different biodegradable i nd/or bioabsorb- 
able materials can include fibers having cifferent chemical 
composition, such as different polymeric materials, different 
molecular weights of the same polymeric material, different 
blends of polymers, materials having diff :rent additives o 
materials having different concentration of additives. 

In another embodiment the article will c 



n different 
and/or different materials, 



having diameters in the range from a few n 
almost about one micron, more preferably about 10 up t( 
about 1000 nanometers and most preferah ly from about 2( 
to about 500 nanometers. The fibers of d fferent diameters 
can include both fibers having diamete -s less than 300 
nanometers and fibers having diameters greater than 300 



of biodegradable 
the small blobs 
20 to about 500 
to about 1500 



The article can also contain small blobs 
and/or bioabsorbable material. Preferably 
will have diameters in the range of about 
and, more preferably, about 



In one embodiment, the article also 
medicinal agent. The medicinal agent 
within the biodegradable and/or bioal 
itself, including within the fibers or within 
material, if present. In such a case, the 
blobs) can contain different concentrations 
agent or different medicinal agents. 

The article can also have the 
layers, wherein at least one of the layers 
asymmetric composite) of different bioi 
bioabsorbable fibers. In such a case, the 
contain at least one medicinal agent 
the layers. 

In one embodiment, the above describep 
are in the form of a membrane. 

The membrane according to the ii 
have a thickness in the range of about 
microns, more preferably about 20 to abojit 



it betwe ;n 



200 



be contained 
able material 
he small blobs of 
(and/or small 
of the medicinal 

of a plurality of 
a composite (or 
gradable and/or 
article can also 
at least two of 



fibrous articles 

1 will preferably 
about 5000 
1000 microns. 
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In another aspect, the invention relates to a fibrous article 
formed by electrospinning different fibers of different 
materials, in which the article contains a composite of 
different fibers containing fibers of at least one biodegrad- 
able material and fibers of at least one non-biodegradable 
material. Preferably, the compositite of different fibers will 
contain submicron diameter fibers. The composite can be an 
asymmetric composite. 

In another aspect, the invention is directed towards an 
adhesion-reducing barrier containing a biodegradable and/or 1 
bioabsorbable membrane, in which the membrane contains: 

a composite of different biodegradable and/or bioabsorb- 
able fibers; or 



combii ations 



examples which follow, and in part will 
those skilled in the art upon 
may be learned by practice of the 
advantages of the invention may be 
means of the instrumentalities and 
pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE 

FIG. 1 is a schematic of a 

FIG. 2 is a schematic of an array of 
electrospinning process. 

FIG. 3(a) is a side view schematic of i 
system for producing membranes in a< 



become apparent to 
c f the following, or 
The objects and 
' and attained by 
particularly 



In yet another aspect, the invention is directed to a method 
for reducing surgical adhesions which involves positioning 
an adhesion-reducing barrier between the site of surgical 20 
activity and neighboring tissues. The barrier contains a 
biodegradable and/or bioabsorbable membrane, in which the 
membrane contains: 

a composite (or an asymmetric composite) of different 
biodegradable and/or bioabsorbable fibers; 25 

a plurality of layers, with at least two layers having 
different biodegradable and/or bioabsorbable fibers from 
each other; or 

sub-micron diameter biodegradable and/or bioabsorbable 
fibers, having at least one medicinal agent contained within 30 
the fibers. 

Preferably, the method involves use of the above 
described barriers. 

In yet another aspect, the invention is directed to a system 
for controlled delivery of a medicinal agent which contains 35 
the medicinal agent to be delivered and a biodegradable 
and/or bioabsorbable fibrous article physically associated 
with the medicinal agent to release the agent at a controlled 
rate. The article contains a composite of different biodegrad- 
able and/or bioabsorbable fibers or an asymmetric composite 40 
of different biodegradable and/or bioabsorbable fibers. 

Preferably, the system will include the articles and bio- 
degradable and/or bioabsorbable materials discussed above. 

In another aspect, the invention is directed to a method for 45 
the controlled delivery of a medicinal agent which involves 
implanting at a target site in an animal, a system for 
controlled delivery of a medicinal agent. The system for 
controlled delivery of a medicinal agent contains the medici- 
nal agent to be delivered and a biodegradable and/or bio- so 
absorbable fibrous article physically associated with the 
medicinal agent to release the agent at a controlled rate. The 
article contains a composite of different biodegradable and/ 
or bioabsorbable fibers or an asymmetric composite of 
different biodegradable and/or bioabsorbable fibers. 55 

Preferably, the method involves use of the above 
described system. 

The present invention provides biodegradable and/or bio- 
absorbable fibrous articles, e.g. membranes, having 
improved performance and handling characteristics for 60 
medical applications, including improved performance in 
preventing adhesions. The invention also provides fibrous 
articles containing fibers of controlled size and having 
controlled morphology and biodegradation rate with utility 
in a controlled delivery system. 

Additional objects, advantages and novel features of the 
invention will be set forth in part in the description and 



FIG. 3(b) is a cross-sectional view of ths 
of FIG. 3(a) as seen along viewing fines 

FIG. 3(c) is a bottom view of the 
system of FIG. 3(a). 

FIG. 4 is an SEM of a PLA-co- 
a solution containing 1 wt % KH 2 P0 4 . 

FIG. 5 is an SEM of a 
a solution without salt added. 

FIG. 6 is an SEM of a membrane 



o -PGA me mbrane 



a PLA-co-PGA membrane 



described ii 



FIG. 7 is an SEM of a membrane described 



FIG. 8 is a graph of the results of tht 
described in Example 4. 

FIG. 9 is an SEM of a PLA merr 
Example 5. 

FIG. 10 is a graph of the results of the 
described in Example 6. 

FIG. 11 is an SEM of the PLA men 
Example 7. 

FIG. 12 is an SEM of the PLA merr 
Example 7 after 1 week of degradation. 

FIG. 13 is a graph of the results of th« 
ment described in Example 8. 

FIG. 14 is a graph showing the 
the experiment described in Example 8. 

FIG. 15 is a graph of the results of tht 
described in Example 9. 

FIG. 16 is an SEM of the as spun 
Example 10. 

FIG. 17 is an SEM of the 
described in Examplt 



ie partially biode graded 



The present invention is directed to bio degradable and/or 
bioabsorbable fibrous articles and methods for using the 
articles for medical applications including reducing the 
formation of post-surgical adhesions between a healing 
trauma site and the adjacent tissue and controlled delivery 
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In one aspect, the invention relates to a 
bioabsorbable fibrous article formed 1 
fibers of biodegradable and/or bioabsc 
material in which the article contains a c 
ent biodegradable and/or bioabsorbable 

In another aspect, the article can cont 
composite of different biodegradable an 
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able fiberizable 
iposite of differ- 
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In yet another aspect, the article can also include fibers of 
at least one non-biodegradable/non-bioabsorbable material. 

By the term biodegradable is intended a material which is 
broken down (usually gradually) by the body of an animal, 
e.g. a mammal, after implantation. 5 

By the term bioabsorbable is intended a material which is 
absorbed or resorbed by the body of an animal, e.g. a 
mammal, after implantation, such that the material eventu- 
ally becomes essentially non-detectable at the site of implan- 

By the terminology "biodegradable and/or bioabsorbable 
fiberizable material" is intended any material which is 
biocompatible, as well as biodegradable and/or 
bioabsorbable, and capable of being formed into fibers, as 
described more fully below. The material is also capable of 15 
being formed into a fibrous article which is suitable for 
implantation into an animal and capable of being biode- 
graded and/or bioabsorbed by the animal. 

The biodegradable and/or bioabsorbable fiberizable mate- 
rial is preferably a biodegradable and bioabsorbable poly- 20 
mer. Examples of suitable polymers can be found in 
Bezwada, Rao S. et al. (1997) Poty(p-Dioxanone) and its 
copolymers, in Handbook of Biodegradable Polymers, A. J. 
Domb, J. Kost and D. M. Wiseman, editors, Hardwood 
Academic Publishers, The Netherlands, pp. 29-61, the dis- 25 
closure of which is incorporated herein by reference in its 
entirety. 

In a preferred embodiment the biodegradable and/or bio- 
absorbable polymer contains a monomer selected from the 30 
group consisting of a glycolide, lactide, dioxanone, 
caprolactone, trimethylene carbonate, ethylene glycol and 
lysine. By the terminology "contains a monomer" is 
intended a polymer which is produced from the specified 
monomer(s) or contains the specified monomeric unit(s). 35 
The polymer can be a homopolymer, random or block 
co-polymer or hetero-polymer containing any combination 
of these monomers. The material can be a random 
copolymer, block copolymer or blend of homopolymers, 
copolymers, and/or heteropolymers that contains these 4,3 
monomers. 

In one embodiment, the biodegradable and/or bioabsorb- 
able polymer contains bioabsorbable and biodegradable 
linear aliphatic polyesters such as polyglycolide (PGA) and 
its random copolymer poly(glycolide-co-lactide) (PGA-co- 45 
PLA). The FDA has approved these polymers for use in 
surgical applications, including medical sutures. An advan- 
tage of these synthetic absorbable materials is their degrad- 
ability by simple hydrolysis of the ester backbone in aque- 
ous environments, such as body fluids. The degradation so 
products are ultimately metabolized to carbon dioxide and 
water or can be excreted via the kidney. These polymers are 
very different from cellulose based materials, which cannot 
be absorbed by the body. 

These materials are also effective drug carriers for phar- 55 
maceutical products, as they meet several drug release 
criteria including a biocompatible and biodegradable poly- 
mer matrix that provides efficient drug loading. The degra- 
dation rate of these materials, as well as the release rate of 
entrapped drugs, can only be roughly controlled by varying 60 
the molecular structure and the molecular weight as there is 
no linear relationship between the physical properties of the 
constituent homopolymers or their copolymers. However, 
by controlling the filament diameter (to nanometer sizes) 
and the assembly morphology as described more fully 65 
below, the degradation rate and the drug release rate can be 
finely tuned. For example, Dunne et al. examined the 
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influence of processing conditions, 
and media temperature on the degradatio 
spherical particles. They found that 
between the degradation rate and particle 
the larger particles degrading fastest. 

Other examples of suitable biocompal 
polyhydroxy alkyl methacryl; 
ethylmethacrylate, and hydr 
polyvinylpyrrolidone, polyacrylamides, 
bioabsorbable materials are biopolymet-s 
collagen, gelatin, alginic acid, chitin, 
ronic acid, dextran, polyamino acids, _ 
mers of these materials. Any combination 
mer or blend thereof of the above 
for use according to the present inventior . 
able materials may be prepared by known 

Particularly useful biodegradable 
polymers include polylactides 
polycarprolactone, polydioxane and their 
copolymers. Examples of specific polyrjjen 
D,L-lactide, polylactide-co-glycolide 
polylactide-co-glycolide (75:25). 

Preferably, the biodegradable and/or 
mers used in the articles of the present 
a molecular weight in the range of ah 
8,000,000 g/mole, more preferably ab 
250,000 g/mole. 

By the terminology "composite 
and/or bioabsorbable fibers" is intended 
the different fibers interleaved with each 
a fibrous matrix, which can be in the form 
other three dimensional form of tailored 
a tube, rod or plug. 

By the terminology "asymmetric com 
biodegradable and/or bioabsorbable 
composite of different biodegradable 
fibers, having at least one of noi 
assembled morphology, variatio 
fibers, progressing through diffei 
ite material. For example, with referenc^ 
containing an asymmetric composite of 
able and/or bioabsorbable fibers, the pc 
or variations in fibers can be varied e 
perpendicular to or parallel with the 
brane. Thus, an asymmetric composite 
gradable and/or bioabsorbable fibers can 
submicron diameter fibers on a first side 
zero percent submicron diameter fibers on 
and a progressively lower percentage of : 
fibers in the direction from the first side at 
of the membrane. 

By the terminology "different biodegn 
absorbable fibers" is intended to include 
diameters, fibers of different biodegradable 
sorbable materials, or fibers of both different 
different biodegradable and/or 

By the terminology "fibers of 

intended that the article will include 

two different target (or intended) diamete: s. 

By the terminology "fibers of differeit 
and/or bioabsorbable materials" is intended 
having different chemical composition, 
example, different polymeric materials, 
weights of the same polymeric material, 
tives (or concentration of additives), 
agents. 
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In one embodiment, the article will contain different fibers 
having diameters in the range from a few up to about 1,000 
nanometers, more preferably about 10 up to about 1000 
nanometers and most preferably about 20 to about 500 
nanometers. 

The article can contain fibers having different diameters 
with a controlled percentage of sub-micron diameter fibers. 
Preferably, the article will contain at least about 10 wt % of 
sub-micron diameter fibers, more preferably at least about 
20 wt %, and most preferably at least about 50 wt %. 

Optionally, the fibrous article can contain at least one 
medicinal agent. In such a case, one or more medicinal 
agents may be incorporated into the fibers of the article. 
Preferably, the medicinal agent(s) will be mixed with the 
bioabsorable material, e.g., polymer, prior to formation of 
the fibers. 

In loading the medicinal agent, the medicine may need to 
be dissolved in a solvent that may not be compatible with the 
solvent used in the electrospinning process. A block 
copolymer, acting as a surfactant, can then be used to ^ 
circumvent this difficulty. One block that forms the micellar 
shell is a polymer that is compatible with the fibrous material 
that will be used to form the nano-fibers and the other block 
that has a different chemical composition is more compatible 
with the medicinal agent. For example, a block copolymer of ^ 
PLA-co-PEO could form a micelle that is compatible with 
the PLA solution while the inner PEO core that is more 
hydrophilic can be used to load more hydrophilic medicinal 
agents. The micellar property and uptake capacity can be 
determined by the chemical composition of the blocks, the 3Q 
molecular architecture, the block length, and the chain 
length ratio of the blocks. The micelles, being compatible 
with the fibrous material can be incorporated into the 
nano-fibers during processing. Furthermore, the drug release 
rate can also be controlled by the micellar property. For 35 
example, a glassy core can reduce the drug release rate. 

By the term "medicinal agent" is intended any substance 
or mixture of substances which may have any clinical use in 
medicine. Thus medicinal agents include drugs, enzymes, 
proteins, peptides, glycoproteins, hormones or diagnostic 40 
agents such as releasable dyes or tracers which may have no 
biological activity per se, but are useful for diagnostic 
testing, e.g., MRI. 

Examples of classes of medicinal agents that can be used 
in accordance with the present invention include 45 
antimicrobials, analgesics, antipyretics, anesthetics, 
antiepileptics, antihistamines, anti-inflammatories, cardio- 
vascular drugs, diagnostic agents, sympathomimetic, 
cholinomimetic, antimuscarinics, antispasmodics, 
hormones, growth factors, muscle relaxants, adrenergic neu- so 
ron blockers, anti-neoplastics, immunosuppressants, gas- 
trointestinal drugs, diuretics, steroids and enzymes. It is also 
intended that combinations of medicinals can be used in 
accordance with the present invention. 

Thus, in one embodiment of the present invention focal 55 
delivery and application of a medicinal agent to the wound 
site is achieved. Focal application can be more desirable 
than general systemic application in some cases, e.g., che- 
motherapy for localized tumors, because it produces fewer 
side effects in distant tissues or organs and also concentrates 60 
therapy at intended sites. Focal application of growth 
factors, anti-inflammatory agents, immune system suppres- 
sants and/or antimicrobials by the membranes of the present 
invention is an ideal drug delivery system to speed healing 
of a wound or incision. Focal application of anesthetics by 65 
the articles of the present invention is an ideal drug delivery 
system for pain management. 
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In one embodiment, the above describ 
are in the form of a membrane. Although 1 
follows is directed to membranes in ac< 
invention, it should be understood that 
i applicable to other three dimensional artic 
not limited to tubes, rods, plugs, blocks, 
In one aspect the invention is directed 
and/or bioabsorbable membranes having 
degradation rate. The chemical composi 
0 polymers or blends of polymers, the fi 
membrane morphology, the molecular \ 
and the porosity of the membrane can be 
degradation and/or absorption time for 
such, the 



it leant 



fibers themselves are well suited as a co 
ery device, since the above-mentioned 
used to control the rate of release of the 
The membrane can also contain a pluraj 
have different medicinal agents or differ _ 
of medicinal agents. Such membranes offe: 
options with combinations of medicinal 
profiles. 

In one embodiment, the membrane can 1 
of biodegradable and/or bioabsorable n 
The layers can have the same or di 
composition, fiber diameters, membrane 
porosity as discussed more fully above, 
membranes can offer yet another way to 
degradation and drug release rate. 

In such an embodiment, it is also 
medicinal agents can be incorporated be 
the multi-layered membrane, instead of 
incorporating the agents into the fiber 

In one embodiment, the membrane car 
non-absorbable reinforcement layer, such 

In another aspect, the invention relates 
formed by elecrospinning different 
materials, in which the article 
different fibers containing fibers of 
able material and fibers of at least 
material. 

In addition to drug delivery devices, the 
present invention are particularly well sui 
adhesion-reducing barrier. 

The membranes of the present in\ 
employed as barriers between tissues or 
tissue and bone to prevent binding of tiss 
tissue to bone. Examples of uses of the dev 
invention include, but are not limited to, 
the internal female reproductive organs (e 
pian tubes, ovaries); barriers between th<; 
reproductive organs and the peritoneum; 
during laparoscopy; barriers between 
barriers between cartilage or between 
barriers between digestive organs; spinal 
between digestive organs and peritoneum; 
the epicardium and surrounding 
pericardium, mediastinal fat, pleura, and 
between tendons and tendon sheaths, sue 
wrist and ankle; bone fracture wraps; 
muscle tissue and bone; barriers between 
mediasternum; barriers between the gall 
and the peritoneum; and barriers for 

The membranes of the present invention . 
for guided tissue regeneration. For example, 
may be used to cover internal 
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example, perforations in blood vessels, internal organs, the 
nasal septum, and the eardrum membrane, and may be used 
to reconstruct the abdominal wall, or to reinforce areas prone 
to or showing scar formation, such as, for example, inguinal 
hernias. The membrane therefore acts as a patch for covering 5 
the perforation until complete healing, followed by copoly- 
mer absorption, is achieved. It is also contemplated that the 
membranes may be employed as a cover for burns, whereby 
the device acts as a patch until the burn is healed. 

The membranes of the present invention may be 10 
employed as a scaffolding to treat ulcers. A porous mem- 
brane can be designed to stimulate the proliferation of 
fibrous tissue, as a consequence of which, for example, in 
the case of ulcers, the wound bed becomes more optimal for 
the regeneration of skin. 15 

The membranes of the present invention may also be 
employed in redirect healing, whereby the devices are 
employed to protect nerves and organ coverings, and 
mucosa during the healing process, whereby the formation 
of fibrous tissue over such nerves, organs, and mucosa is 20 
prevented. 

The membranes may also be employed to prevent the 
formation of internal blood clots after surgery or traumatic 

The membranes may also be employed in covering 25 
denuded epithelial surfaces or weakened areas such as 
damaged middle ear mucosa or other mucosal surfaces, 
thinned vascular walls, or surgically denuded areas, such as, 
for example, surgically denuded areas of the pelvis. 3Q 

The membranes may also be employed as anti-fibroblastic 
growth barriers, or as nerve coaptation wraps for connecting 
or repairing severed nerve ends or for repairing inflamed 

The membranes of the present invention may be formed 35 
or constructed into various shapes including, but not limited 
to, flat sheets, tubes, rods or other three dimensional articles, 
as necessary to facilitate use in a particular application. 

A post surgical anti-adhesion barrier or membrane of the 
present invention is generally used in the form of a sheet of 40 
a desired size and shape. A surgeon may cut a custom shape 
from preformed sheets to suit particular applications. After 
the membrane is shaped for a suitable fit, the flexible nature 
of the membrane enables the surgeon to conform the mem- 
brane to fit around the area of injury. The membrane can be 45 
formed into a strip which wraps around the organ, e.g., an 
intestine, to prevent formation of adhesions. An anti- 
adhesion membrane according to the present invention can 
incorporate ties or straps which connect to the membrane 
and which are used to tie or otherwise secure the membrane so 
to an area of injury. It is further contemplated that the 
anti-adhesion membranes of the present invention may be 
affixed to the wound site by surgical fasteners or sutures. The 
flexible nature of the present anti-adhesion membrane 
allows the membrane to flex and bend along with normal 55 
movements of the body without being overly restrictive. 

Thus, the invention is also directed to a method for 
reducing post-surgical adhesions. The method involves posi- 
tioning an adhesion-reducing barrier between the site of 
surgical activity and neighboring tissues. The adhesion- 60 
reducing barrier will contain a biodegradable and/or bioab- 
sorbable membrane. The membrane is preferably the bio- 
degradable and/or bioabsorbable membranes discussed 
above. The membrane can also be a biodegradable and/or 
bioabsorbable membrane which contains a plurality of 65 
layers, with at least two layers having different biodegrad- 
able and/or bioabsorbable fibers from each other or contains 



sub-micron diameter biodegradable 
fibers, having at least one medicinal agent 
the fibers. Preferably, the membrane will 



bioabsorbable 
contained within 
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All embodiments of surgical adhesion 
branes as described herein are well-suited 
techniques involving endoscopy. Endoscc 
cedures involve the use of cannulas 
narrow openings into a body and allow 
access to surgical targets. In laparoscopic 
gery is performed in the interior of the 
small tubes inserted therein. Endoscopes < 
as viewing devices inserted through the 
allow surgeons to see the interior of the b 

Certain endoscopic and laparoscopic 
require that the surgical region be insufflal 
any instrumentation inserted into the bod; 
stantially sealed to ensure that gases do nol 
body through the incision. Moreover, 
aroscopic procedures often require the .■ 
organs, tissues and/or vessels far rent 
sions. Thus, instruments used in such 
cally long and narrow while being 
from a proximal end of the instrument. 

In accordance with the present ii 
for deploying and positioning any of the 
membranes disclosed herein may be 
cannula and deposited at a target 
positioned as desired, it may optionally be 
or otherwise fastened to the target site 
designed to be inserted through a cannula. 

Thus, in another aspect, the 
method of reducing surgical adhesions 
tioning an adhesion-reducing barrier 
surgical activity and 
cations are discussed above. 
Nanofiber Fabrication Technique for 
Bioabsorbable Polymers: Electrospinning 
Different Biodegradable and/or 

The membranes according tc 
preferably produced by electrospinning 
system. Preferably, the multiple jet system 
of spinnerets for introducing conducting ~ 
biodegradable and/or bioabsrobable fib* 
The use of a multiple jet system to prodi 
accordance with the invention is possible 
pendent control over different jets. Thus, 
produce different fibers as discussed mor 

Moreover, sub-micron diameter fibers c 
accordance with the invention at a relatively 
example, a 40% polymer solution being 
spinneret with a diameter of 700 microns, 
a final filament having a diameter of 250 
draw ratio of 7.84xl0 6 . If the extrudate „ 
from each spinneret has a rate of about 10 
filament speed will be about 136 m/s for 
which is a relatively high spinning 
cially viable process for making membranes 
invention is achievable with a sufficient 
nerets operating at such speeds. 

The conducting fluid will preferably inc 
the polymer materials described more i 
polymer material used to form the meml 
solved in a solvent. The solvent can be any 
capable of dissolving the polymer and _ 
ing fluid capable of being electrospun."Th< 
erably selected from N,N-Dimethyl fori 
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rahydrofuran (THF), N-N-dimethyl acetamide (DMAc), 
methylene chloride, dioxane, ethanol, chloroform or mix- 
tures of these solvents. 

The conducting fluid can optionally contain a salt which 
creates an excess charge effect to facilitate the electrospin- 5 
ning process. Examples of suitable salts include NaCl, 
KH 2 P0 4) KjHPO^KIC^, KC1, MgS0 4 , MgCL,, NaHC0 3 , 
CaCl 2 , or mixtures of these salts. 

The polymer solution forming the conducting fluid will 
preferably have a polymer concentration in the range of 10 
about 1 to about 80 wt %, more preferably about 10 to about 
60 wt %. The conducting fluid will preferably have a 
viscosity in the range of about 50 to about 2000 mPa-s, more 
preferably about 200 to about 700 mPa-s. 

The electric field created in the electrospinning process 15 
will preferably be in the range of about 5 to about 100 
kilovolts (kV), more preferably about 10 to about 50 kV. The 
feed rate of the conducting fluid to each spinneret (or 
electrode) will preferably be in the range of about 0.1 to 
about 1000 microliters/min, more preferably about 1 to 20 
about 250 microliters/min. 

A particular apparatus for producing membranes accord- 
ing to the present invention, which uses a multiple jet 
electrospinning system, is shown schematically in FIG. 1. 
Equipment not essential to the understanding of the inven- 25 
tion such as heat exchangers, pumps and compressors and 
the like are not shown. 

Referring now to FIG. 1, the conducting fluid, which 
contains the biodegradable polymer, is supplied by a micro- 
flow pump system 1. The conducting fluid preferably con- 30 
tains a biodegradable polymer, a solvent and a salt, e.g., 25 
wt % PLA-DMF solution with 1 wt % KH 2 P0 4 . Optionally, 
one or more medicinal agents can be incorporated into the 
conducting fluid. The pump system 1 is linked to a computer 
2 which controls the flow rate of the conducting fluid to 35 
selected spinnerets by controlling pressure or flow rate. The 
flow rate can be changed depending upon the speed of the 
support membrane 3 and the desired physical characteristics 
of the membrane, i.e., membrane thickness, fiber diameter, 
pore size, membrane density, etc. 40 

The pump system 1 feeds the conducting fluid to a 
multiple jet system 4 that contains manifolds 5 having a 
bank of spinnerets 6. A charge in the range of about 20 to 
about 50 kV is typically applied to the spinnerets by a high 
voltage power supply 7. A hood 8 is positioned over the 45 
multiple jet system 4 to remove the solvent at a controlled 
evaporation rate. 

A ground plate 9 is positioned below the multiple jet 
system 4 such that an electric field is created between the 
charged spinnerets 6 and the ground plate 9. The electric 50 
field causes tiny jets of the conducting fluid to be ejected 
from the spinnerets and spray towards the ground plate 9, 
forming small, e.g., sub-micron, diameter filaments or fibers. 

A moving support 3 is positioned between the charged 
spinnerets 6 and the ground plate 9 to collect the fibers 55 
which are formed from the spinnerets and to from an 
interconnected web of the fibers. The support 3 moves in the 
direction from the unwind roll 10 to the rewind roll 11. 

The micro-flow control/pumping system is electrically 
isolated from the ground and is powered by an isolation 60 
transformer 12. 

The post-spinning processors 13 have the functions of 
drying, annealing, membrane transfer (for example, from a 
stainless steel mesh substrate to another substrate, e.g., a 
Malox mesh) and post conditioning. 65 

Multiple jets with designed array patterns can be used to 
ensure the fabrication of uniform thickness of the mem- 
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brane. Hood, heating and sample 
also be included to control the solvent 
to enhance the mechanical properties. The 
ness can be precisely controlled from 
hundreds of microns. While additional 
modifications to the electrospinning 
are described below, a more detailed 
apparatus and method for 
set forth in co-pending, commonly 
application, Ser. No. 09/859,004, entitled 
Methods for Electrospinning Polyme 
Membranes," filed on even date herewith 
herein for all purposes by reference. 
Variation of Electric/Mechanical Propertis s 
Fluid 

The properties of the resulting 
electrospinning will be affected by the 
cal properties of the conducting fluid. The 
the macromolecular solution can be ' 
adding ionic inorganic/organic compound 
hydrodynamic properties of the fluid depend 
tion of physical and mechanical properties, 
tension, viscosity and viscoelastic behavioi 
electrical properties (e.g., charge density 
of the fluid). For example, by adding a 
polymer solution, the fluid surface tensio 
so that the electrostatic fields can influence 
the jet flow over a wider range of conditioi is. 
pump system that can control the flow rate 
pressure or at constant flow rate, the effect 
conducting fluid can be controlled. 
Electrode Design 

In another method for producing membi 
the present invention, the jet formation 
electrospinning is further refined to proviie 
over fiber size. Instead of merely pro- 
spinneret and a ground plate, a positively 
is still responsible for the formation of the 
droplet and a plate electrode with a smal] 
center is responsible for the formation of th ; 
exit hole will provide the means to let this 
through the plate electrode. Thus, if the 
the positively charged spinneret has 
2—3 mm and the plate electrode is placed 
about 10 mm from the spinneret, a re; 
potential can be developed. The short 
two electrodes implies that the electrostati 
be fairly low. However, the resultant 
could be sufficiently strong for the 
By varying the electric potential of individual 
jet formation can be controlled and adjust :d 
spinnerets. Such an electrode configurati 
reduce the required applied potential on tl 
typically about 15 kilovolts (kV) down 
to 2 kV (relative to the ground plate potent 
spinneret potential required for stable je 
depend on the electric/mechanical properti 
conducting fluid. 
Control of Jet Acceleration and Transport, t 

In another method for producing 
the present invention, the jet strc 
spinnerets is also precisely controlled. The 
ing through the plate electrode 
charged. Although this stream has a tendericy 
ing itself during flight, without external 
finement the jet will soon become unstable 
In other words, the charged stream 
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resulting in loss of control over the microscopic and mac- 
roscopic properties of the fluid. This instability can be 
removed by using a carefully designed probe electrode 
immediately after the plate electrode and a series of 
(equally) spaced plate electrodes. The electrode assembly 5 
(i.e., the probe electrode and the plate electrodes) can create 
a uniform distribution of electrostatic potential along the 
(straight) flight path. The acceleration potential is formed by 
placing the base potential of the spinneret at about +20 to 
+30 kV above the target (at ground potential) while the 10 
electrostatic potential of the probe electrode can be adjusted 
to slightly below the plate electrode base potential. The 
composite electrodes are capable of delivering the jet stream 
to a desired target area. 

Jet Manipulation 15 

In yet another method for producing membranes accord- 
ing to the present invention, individual jet streams can be 
focused by using an "Alternating Gradient" (AG) technique. 
The basic idea is to use two pairs of electrostatic quadrupole 
lenses. The second lens has the same geometric arrangement 20 
as the first lens with a reversed (alternate) electric gradient. 
The positively charged jet stream will be focused, for 
example, in the xz plane after the first lens and then be 
refocused in the xz plane after the second lens. It is noted 
that the z-direction represents the direction of the initial 25 
flight path. By applying an additional triangle-shaped wave- 
form to the potential on one of the pairs of the quadrupole, 
the jet can be swept across the target area, allowing the 
control of the direction of the jet stream. Furthermore, with 
varying waveform of the 'sweep' potential, a desired pattern 30 
on the target can be formed. 
Pattern Design by Electrospinning. 

In yet another method for producing membranes accord- 
ing to the present invention, reference will be made to FIG. 
2. In this method, the conducting fluid is introduced into the 35 
electrospinning process through an array of electrospinriing 
spinnerets 20. The array of electrospinning spinnerets are 
assembled in a matrix 21 that provides electrical isolation 
for the spinnerets, with each spinneret having two pairs (X 
and Y direction) of miniature scanning electrodes 22. The 40 
spinneret 20 and the scanning electrodes 22 are electrically 
wired such that each individual polymer solution jet can be 
turned on and off and be steered to a finite size target area. 
As each spinneret 20 can be turned on/off independently by 
electricity, the response time will be relatively fast. Also, 45 
each spinneret 20 can deliver a different solution, e.g., each 
containing a different polymer or different drug or concen- 
tration of drug. A designed pattern can be obtained in the 
resultant membrane. This pattern can be precisely controlled 
by a computer and can be tailored for specific medical 50 
applications. 

Multiple Jet Slit-Die Geometry 

In another apparatus for producing membranes in accor- 
dance with the present invention, reference is made to FIGS. 
3(a)-3(c). In this apparatus, a multiple jet system 30 com- 55 
prises an array of electrospinning spinnerets 31, each spin- 
neret 31 being defined by a slit 32 formed in a slit-die 33 that 
is coupled to high voltage to serve as an electrode disposed 
above the ground plate 34. As shown in detail in FIG. 3(c), 
the spinnerets 31 are each interconnected by selectively 60 
narrow slits 35, such that each spinneret 31 is interconnected 
to a neighboring spinneret 31 by a slit 35. The conducting 
fluid will not flow through the slits 35, but will flow through 
each of the spinnerets 31 in a more robust manner. 

The slit-die approach permits three distinct advantages 65 
that are not available by using individual spinnerets. (1) The 
slit-die is made up of two separate components with con- 
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trolled dimensions of the effective openings for the spin- 
nerets. In other words, by changing the dis ance between the 
two components, the effective openings of the spinnerets 
become available. (2) The presence of ilits between the 
larger openings permits fluid flow and thereby equalizes the 
pressure difference between the spinnerets (3) The presence 
of slits can also reduce potential blockage of the fluid. 

The membranes produced by the slit-die approach can 
achieve a larger degree of flexibility in the structures. For 
example, different size nanofibers can be produced from the 
same slit-die setup. 

Control of Degradation Rate through Processing Parameters 
As discussed above, very different fiber diameter and 
morphology in the membrane can be obtained by changing 
the parameters in the electrospinning pro xss. As the deg- 
radation rate is inversely proportional to tie fiber diameter, 
the manipulation capability through processing parameters 
provides not only the means to control th< degradation rate 
of the membrane but also the ways to cor trol drug loading 
efficiency and the drug release rate. 

For example, it is believed that a change in charge density 
(through the addition of salts) can significantly affect the 
fiber diameter. When 1 wt % potassium phosphate 
(KH 2 P0 4 ) was added to a PLA-co-PGA Solution, the fiber 
diameter became much thinner (see SEM >icture in FIG. 4) 
than the one with no salt added (FIG. 5). T ius, it is believed 
that higher excess charge density generally favors the pro- 
duction of thinner fibers and lower excess charge density 
favors the production of thicker fibers. Several other kinds 
of salts (e.g. NaCl, KH 2 P0 4 , KIO and K 3 P3 4 ), which are all 
biologically compatible to the body, are a so contemplated. 
Control of Drug Release Rate and Test of Antibacterial 
Effect 

It is also believed that when a drug is inc )rporated into the 
fibers of the membrane, the drug release rate is a function of 
fiber diameter. As such, the release rate of a drug trapped in 
the membrane can be precisely controlle 1. Many surgical 
procedures often lead to adhesion format on involving the 
colon and rectum. This additionally incr;ases the risk of 
post-operative infection. The addition of antibiotics to the 
membrane with scheduled release may be i sed to reduce the 
risk of abscess and infection. 

EXAMPLES 

The following non-limiting examples t ave been carried 
out to illustrate preferred embodiments of the invention. 
These examples include the preparation of membranes 
according to the invention, analysis of th< membranes and 
testing of the membranes. 

Example 1 

A membrane was prepared as follows: a 30 wt % PLG 
copolymer/DMF solution was prepared by slowly dissolving 
PLG copolymer pellets (inherent viscosity of 0.55-0.75. 
Birmingham Polymers Inc., AL) into an > ,N-dimethyl for- 
mamide (DMF) solvent at room temperat ire. The solution 
was then loaded into the 5 ml syringe fitted with a gauge 20 
needle, and delivered through a Teflon tube (0.03" ID) to the 
exit hole of an electrode having a diamett r of 0.025". The 
solution was pumped and controlled by a syringe pump 
(Harvard Apparatus "44" series, MA) at a flow rate of 20 
microliters/min. A25 kV positive high voltlge (by Glassman 
High Voltage Inc.) was applied on the ekctrode. The dis- 
tance from the tip of the electrode to the grc mnded collecting 
plate was 15 cm. A tiny electrospinning jel was formed and 
stabilized in 30 seconds under these conlitions. The col- 



US 6,685,956 B2 



17 



lecting plate was movable and controlled by a stepper motor. 
The collecting plate was continually moved at a rate of 1 
mm/sec until a membrane having a relatively uniform thick- 
ness of about 100 microns was obtained. An SEM (Scanning 
Electron Microscopy) image of the membrane is shown in : 
FIG. 6. 

Example 2 

A biodegradable and bioabsorbable membrane according 
to the present invention, fabricated by a multi-jet electro- 10 
spinning process, was prepared as follows: an 8 wt % 
polyacrylonitrile (Aldrich Chemical Company, Inc.)/DMF 
solution was prepared by slowly adding and dissolving the 
polymer powders into an organic solvent, which was DMF 
(N,N-dimethyl formamide), at room temperature. After the 1S 
solution was completely mixed, it was then loaded into 6 
individual syringes, each with a volume of 5 mL. The 
syringes were fitted with gauge 20 needles and the solution 
was delivered through Teflon tubes (0.03" ID) to 6 
electrodes, each having a tiny hole with a diameter of 20 
0.025". The polymer solution was finally pumped and con- 
trolled by a syringe pump (Harvard Apparatus "44" series, 
MA) at a flow rate of 25 microliters/min. In addition, a 26 
kV positive high voltage (by Glassman High Voltage Inc.) 
was applied on the electrodes in order to obtain the existence 25 
of six well-stabilized electrospinning jets. The distance from 
the tip of the electrodes to the grounded collecting plate was 
15 cm and the tips of the electrodes were spaced about 2 cm 
apart from each other. Closer spacing between electrodes 
(spinnerets) could have been achieved by changing appro- 30 
priate parameters, e.g., by increasing the applied electric 
potential. The collecting plate was movable and controlled 
by a step motor. The collecting plate was continually moved 
at a rate of 1 mm/sec until a bioabsorable and biodegradable 
membrane having a relatively uniform thickness of about 35 
100 microns was obtained. 

Example 3 

A polymer solution suitable for electrospinning, which A ~ 
contained a drug, was prepared as follows: A sample of 
Poly(DL-lactide) ("PLA") purchased from Birmingham 
Polymers, Inc., Birmingham, Ala. (Product No. D98120) 
having a weight average molecular weight of 1.09xl0 5 
g/mole and a polydispersity of 1.42 was stored in a vacuum 4 
oven at room temperature. The pellets were dissolved in 
DMF purchased from Fisher Scientific, Fair lawn, N.J. to 
form a 25 wt % solution. The antibiotic drug used was 
Mefoxin™ from Merck & Co., Inc., West Point, Pa. The 
antibiotic was dissolved in distilled water and then mixed s 
with PLA/DMF solution in appropriate amounts to form the 
solution with a PLA/drug ratio of 9:1. A stable jet was 
formed using this solution in the electrospinning process 
described in Example 1. 

Example 4 5 
A second membrane was prepared in a similar manner to 
Example 1, except that a drug solution was added to the 
polymer solution prior to electrospinning and the voltage 
applied to the electrode was adjusted. The drug solution was 6 
prepared by dissolving 0.6 grams of Mefoxin (Merck & Co 
Inc.) into 0.4 grams of water. The drug solution was then 
very slowly (dropwise) added to the polymer solution with 
gentle stirring until it reached a final PLG/drug ratio of 19:1. 
A 20 kV positive high voltage (by Glassman High Voltage 6 
Inc.) was applied on the electrode. All other parameters were 
the same as Example 1. An SEM (Scanning Electron 
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Microscopy) image of the membrane containing the drug is 
shown in FIG. 7. 

The drug release rate was determinec by placing the 
membrane in a phosphate buffer solution ( J BS) and then by 
monitoring the drug concentration in the buffer solution v 
time using an ultra violet (UV) light (234 mm) absorptior 
measurement. The drug release (in PBS buffer) profile i: 
shown in FIG. 8. 



Example 5 

A membrane was fabricated as follows: 
polymer/DMF solution was prepared by 
the PLA pellets. The solution was fed th; 
pump system to the electrodes at a 
microliters/min per jet. A 25 kV positive 
applied to the electrode. FIG. 9 shows a 
electron microscopy (SEM) image of an 
membrane made by the procedures descri 
an average fiber diameter of 200 nm. The 
density is about 0.25 g/cm 3 , as compared 
(PLA) density of 1.3 g/cm 3 . 
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Example 6 

An in-vitro biodegradation test was 
the performance of electrospun membranes, 
dation test was conducted using the f 
which is routinely used in the suture 
membrane was submerged in a buffer s 
sodium phosphate, potassium phosphate, 
(pH 7.3), and maintained at 37° C. The 
measured as a function of time. The 
PLA membrane. The results for both 
in FIG. 10. Areviewof FIG. 10 reveals that 
loss (50%) varies from 2 weeks (PGA) 
(PLA). 
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A membrane containing dual thickness 
pared as follows: a 25 wt % PLA 
prepared by slowly dissolving PLA polymbr 
the same molecular weight and poly 
Example 3 into a DMF solvent. A drug 
pared by dissolving 0.6 grams of Mefoxin 
Inc.) into 0.4 grams of water. The drug 
very slowly (dropwise) added to the polymer 
gentle stirring until it reached a final PLA/drug 
A 20 kV positive high voltage (by Glassm an " 
Inc.) was applied on the electrode. All 

Example 1. A membrane having a network 
consisting of large size filaments (2 i 
diameter), very fine fibrils (50 nanometer diameter) and 
small blobs was obtained by varying the solution feed rate 
over a range from 20 nVmin to 70 /d/minj An SEM of the 
resulting membrane is shown in FIG. 11. 

The membrane was then placed in thej buffer solution 
described in Example 6. After one week c f degradat 
the control buffer, the fine fibers comple.ely disappeared 
(FIG. 12). A comparison of FIGS. 11 and 12 reveals that this 
morphology results in a rapid weight loss : n the first week. 
Thus, if more rapid weight loss is desired, a membrane 
having a higher concentration of thin fibrils :an be produced. 
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properties of different membranes for 



ted to evaluate 
The biodegra- 
fo lowing method, 
industry: a PGA 

distilled water 
sight loss was 
repeated for a 
nes are plotted 
the major weight 
about 6 months 
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operative induced adhesions. The experiment used ai 
tive rat model (ORM) to evaluate the perform; 
electrospun PLA-co-PGA membranes, with and without an 
antibiotic drug (Mefoxin) contained in the membrane 
structure, which were prepared in the same manner as in . 
Examples 1 (without the drug) and 4 (with the drug). A 
control group was also used for comparison. 

The test procedures used were as follows: the membrane 
being tested was first sterilized using 6 °Co radiation source. 
The membrane sample was sealed in a plastic bag in a ] 
container filled with dried nitrogen gas. The package then 
received y-radiation doses from 5.15-25 kGy, depending on 
the mass. This procedure has been well documented in the 
literature. 

300-450 gram male Sprague-Dawley rats were used in 1 
the experiments. They were individually housed and given 
food and water ad libitum both pre- and postoperatively. 
Anesthesia was produced using an IM ketamine (80 mg/kg) 
and xylaxine (10 mg/kg) injection into the right hindleg 
prior to the celiotomy. Euthanasia was performed using 2 
intracardiac injection of pentobarbital (60 mg/kg). 

The rats were divided into two procedure groups. The first 
group underwent a midline celiotomy and the cecum iden- 
tified and scored using an abrasive pad until serosal bleeding 2 
was noted on the anterior surface. A lxl cm square of 
abdominal wall muscle was then excised directly over the 
cecal wound. The first group experiment was conducted 
using 12 animals with the membrane and 14 animals with 
the membrane containing antibiotics, which were compared 3 
to 12 control animals (cecal abrasions and buttons without 
any membrane). The celiotomy was then closed in two 
layers immediately (control, n-12), after a barrier was laid 
in between the cecum and the abdominal wall (n-12), or 
after an antibiotic-impregnated barrier was placed in the 
aforementioned are (n-14). All rats underwent a second 
celiotomy after 4 weeks. The presence or absence of adhe- 
sions from the cecum to the abdominal wall was noted. The 
cecum was then isolated from the rest of the bowel and the 
breaking strength of the adhesion was measured by using a 
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All animals underwent a second celiotom 
The presence or absence of adhesions bet 
and mesh were noted. 

In the group of rats with Marlex mesh, trie first set of rs 
all has adhesions from the cecum to the m ;sh (100%). The 
mesh also has a multitude of other a Ihesions to the 
omentum, stomach, and liver making a measurement of 
adhesional strength from cecum to abdoi linal wall prob- 
lematic. The set with barriers was found to . lave only o: 
with adhesions from the cecum to the abdominal wall (10%). 

Overall, the test results showed good bar ier properties of 
the membranes, i.e., a low incidence of ind iced adhesion ir 
the membrane embedded area, while a i adhesion > 
induced in the control area. The membrane containing the 
antibiotic showed better barrier properties than the n 
brane without the antibiotic. 

Example 9 

The antibacterial effect of drug 
was tested using the following procedures: 
Broth (LB) and 80 microliters of E. coli ' 
each of four sample test tubes. A 7.0x7.0 
PLA electrospun membrane having 
microns (with a corresponding total weight 
added to one of the test tubes. A second 



eels 



In the first group of experiments, cecal adhesions were 
noted in 67% of the control set, 50% of the set with barriers, 
and 38% of the set with barriers impregnated with antibodies 
(see FIG. 13). Tensiometer readings on those adhesions 45 
present were found to be 6.18, 5.76, and 4.30 respectively 
(see FIG. 14). Only adhesions from the cecum to the 
abdominal wall were counted. Adhesional bands between 
the bowel and other abdominal organs were noted on 
occasion, but were not taken into account. so 

In the second group experiment, Marlex mesh, a material 
often used in abdominal surgery to repair the abdominal 
wall, was used to test the membranes. This mesh has the 
severe complication of causing adhesions to the intestines 
which not only leads to bowel obstruction, but also fistula 55 
formation. Both complications can be devastating to 
patients. The Marlex mesh was applied to a defect created in 
the abdominal wall and 10 animals had the barrier mem- 
brane interposed between the mesh and the intestines, while 
10 controls had the Marlex placed with no interposing 60 
membrane. The second group of rats had Marlex mesh 
placed into the abdominal cavity. The abdomen was opened 
using a midline celiotomy and a lxl cm square of Marlex 
mesh was placed over the cecum and fixed to the abdominal 
wall using two silk sutures. The abdomens were then either 65 
immediately closed in two layers (control, n-10) or had a 
barrier placed in between the cecum and the mesh (n-10). 



membrane containing approximately 8.85 
was added to a third test tube. The last test 
a control. 

LB was used to grow the E. coli 
sample tubes were placed in an incubator 
temperature of the incubator was set at 
shaking rate was set at 225 rpm. Shaking 
order for the E. coli bacteria to receive 
needed to grow. Using a SmartSpec *30CK 
optical density (OD) at the 600 am 
bacteria was recorded and the amou 
tube was calculated. The cell 
to the product of the optical density of 
conversion factor. As the optical density ii 
becomes more turbid), the cell 
increase. The results are shown in FIG. 15, 
unit being cell/ml or the bacteria concen 

A review of FIG. 15 reveals that the _ 
bacteria is completely prohibited by the 
Mefoxin antibiotic drug from the membran< 
mg of the drug. Also, it appears that the 
concentration of Mefoxin, the more effecuS e 
becomes. 

Example 10 
An in-vivo biodegradation test was - 
electrospun membrane having an average 
the range of about 100-150 nanometers. Th ; 
fabricated as follows. A 25 wt % PLA solul 
prepared. A 60 wt % Mefoxin drug in aque 
then added to the polymer solution to reach 
ration of 9:1. A 20 kV positive voltage w; 
electrode. An SEM of the initial as spun mei 
shows smooth fibrous structures with an avi 
eter between 100-150 nm. The membran< 
into a rat and removed after 
procedures described in Example 8. An SEik 
biodegraded membrane is shown in FIG. ~~ 

A comparison of FIGS. 16 and 17 
phology of the membrane has been 
more porous structure. 



membranes 
8 ml of Luria 
were added to 
cm sample of a 
of about 75 
of 100 mg) was 
sjample of a PLA 
mg of Mefoxin 
imple of a PLA 
mg of Mefoxin 
ube was used as 
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instrument, the 
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could be related 

(the broth 
should 
with the y-axis 
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of E. coli 
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taining 8.85 
the loading 
the membrane 



— using a PLA 
] iber diameter in 
membrane was 
in DMF was 
us solution was 
final PLA/drug 
5 applied to the 
ibrane (FIG. 16) 
rage fiber diam- 
was implanted 
following the 
of the partially 
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Example 11 

A bioabsorbable composite membrane consisting of two 
polymer components of different hydrophobicity according 
to the present invention was prepared as follows: First, a 6 
wt % polyethylene oxide (PEO)/DMF solution was prepared 5 
by slowly adding the polymer powders into an organic 
solvent, which was DMF (N,N-dimethyl formamide). 
Second, a 30 wt % polylactide glycolide (PLG)/DMF solu- 
tion was made by dissolving the polymers into DMF as well. 
After these two solutions were each completely homog- 10 
enized at the room temperature, they were then loaded 
separately into two individual syringes, each with a volume 
of 5 mL. Next, the syringes were fitted with 2 gauge 20 
needles and delivered through Teflon tubes to the electrodes, 
each having a tiny hole with a diameter of 0.025". The IS 
polymer solutions were finally pumped and controlled by a 
syringe pump at a flow rate of 20 microliters/min. In 
addition, a 25 kV positive high voltage was applied on two 
separate electrodes in order to obtain the existence of 
well-stabilized electrospinning jets. The distance from the 20 
tips of the electrodes to the ground collecting plate was 15 
cm. Furthermore, a step motor was utilized in order to 
control the movement of the ground collector so that it was 
capable to move in different directions, either left or right. 
The collecting plate was moving at a rate of 5 steps/sec 25 
continuously until a bioabsorable membrane having a rela- 
tively uniform thickness of 100 microns was achieved. 
Example 12 

A bioabsorbable composite membrane consisting of two 30 
component polymer blend of different hydrophobicity 
according to the present invention was prepared as follows: 
First, a 2 wt % polyethylene oxide (PEO, Mw-100,000 
g/mol)/DMF solution was prepared by slowly adding the 
polymer powders into an organic solvent, which was DMF 35 
(N,N-dimethyl formamide). Second, a 20 wt % polylactide 
glycolide (PLG)/DMF solution was made by dissolving the 
polymers into DMF as well. These two solutions were mixed 
together and were each completely homogenized at the room 
temperature. They were then loaded separately into two 40 
individual syringes, each with a volume of 5 mL. Next, the 
syringes were fitted with 2 gauge 20 needles and delivered 
through Teflon tubes to the electrodes, each having a tiny 
hole with a diameter of 0.025". The polymer solutions were 
finally pumped and controlled by a syringe pump at a flow 45 
rate of 20 microliters/min. In addition, a 25 Kv positive high 
voltage was applied on two separate electrodes in order to 
obtain the existence of well-stabilized electrospinning jets. 
The distance from the tips of the electrodes to the ground 
collecting plate was 15 cm. Furthermore, a step motor was so 
utilized in order to control the movement of the ground 
collector so that it was capable to move in different 
directions, either left or right. The collecting plate was 
moving at a rate of 5 steps/sec continuously until a bioab- 
sorable membrane having a relatively uniform thickness of 55 
100 microns was achieved. 

Thus, while there has been disclosed what is presently 
believed to be preferred embodiments of the invention, those 
skilled in the art will appreciate that other and further 
changes and modifications can be made without departing 60 
from the scope or spirit of the invention, and it is intended 
that all such other changes and modifications are included in 
and are within the scope of the invention as described in the 
appended claims. 

We claim: 65 

1. An adhesion-reducing barrier comprising a biodegrad- 
able and/or bioabsorbable membrane, said membrane com- 
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prising a composite of different biodi 
absorbable fibers or an asymmetric c 
biodegradable and/or bioabsorbable fibers 

2. An adhesion-reducing barrier ac< 
wherein different fibers refers to fibers of 



bioabsorbable p 



3. An adhesion-reducing barrier 
wherein said fibers of different diameters 
having diameters less than 300 nanor 
diameters greater than 300 nanomet 

4. An adhesion-reducing barrier 
wherein said membrane comprises at least 
percent of submicron diameter fibers. 

5. An adhesion-reducing barrier a 
wherein said membrane comprises at least 
percent of submicron diameter fibers. 

6. An adhesion-reducing barrier a 
wherein different fibers refers to fibers of 
gradable and/or bioabsorbable materials. 

7. An adhesion-reducing barrier a< 
wherein different fibers refers to fibers 
and different biodegradable and/or b 

8. An adhesion-reducing barrier 
wherein said biodegradable and/or bi 
material comprises a biodegradable and/c^r 
polymer. 

9. An adhesion-reducing barrier 
wherein said biodegradable and/or 
comprises a monomer selected from the _ 
a glycolide, lactide, dioxanone, caprolactci 
carbonate, ethylene glycol and lysine. 

10. An adhesion-reducing barrier 
wherein said biodegradable and/or I 
comprises a biodegradable and/or bi 
phatic polyester. 

11. An adhesion-reducing barrier 1 
wherein said biodegradable and/or bi 
phatic polyester is a polyglycolide 
(glycolide-co-lactide). 

12. An adhesion-reducing barrier 
wherein said biodegradable and/or bit 
material comprises a material derived from 

13. An adhesion-reducing barrier 
wherein said fibers have diameters ir 
10 up to 1,000 nanometers. 

14. An adhesion-reducing barrier i 
wherein said fibers have diameters in the 
20 to about 500 nanometers. 

15. An adhesion-reducing barrier 
further comprising small blobs of 
bioabsorbable material. 

16. An adhesion-reducing barrier 
further comprising at least one medicinal 

17. An adhesion-reducing barrier according 
wherein said medicinal agent is contained 

18. An adhesion-reducing barrier acco 
further comprising fibers with different 
said medicinal agent. 

19. An adhesion-reducing barrier acc 
further comprising fibers with different 

20. An adhesion-reducing barrier ac 
further comprising a plurality of layers, 
of the layers comprises a composite or a 
ite of different biodegradable and/or 

21. An adhesion-reducing barrier i 
further comprising at least one medicinal 
least two of said layers. 



ig to claim 2, 
include fibers 
and fibers having 

claim 2, 
about 20 weight 

about 50 weight 



according to claim 1, 



i materials, 
o claim 1, 
fiberizable 
bioabsorbable 



>r bioabsorbable 



>r bioabsorbable 



r accorcing 



■1 according 



r according 



r according 



claim 8, 
polymer 
gntrap consisting of 
trimethylene 



to claim 8, 
>le polymer 
e linear ali- 

claim 10, 
linear ali- 
copolymer poly 



claim 1, 
fiberizable 
siological tissue, 
claim 1, 
rknge from about 



claim 13, 
range from about 



said fibers. 
D claim 17, 
csncentrations of 
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nal agents. 
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a gent between at 
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22. An adhesion-reducing barrier according to claim 1, 
wherein said membrane has a controlled degradation rate. 

23. An adhesion-reducing barrier according to claim 1, 
wherein said membrane has a thickness in the range of about 
10 to about 5000 microns. 



24. An adhesion-reducing barrier a 
wherein said membrane has a thickness in t 
20 to about 1000 n 



lg to claim 23, 
i range of about 
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ABSTRACT 



An apparatus and method for electrospinning polymer fibers 
and membranes. The method includes electrospinning a 
polymer fiber from a conducting fluid in the presence of a 
first electric field established between a conducting fluid 
introduction device and a ground source and modifying the 
first electric field with a second electric fi;ld to form a jet 
stream of the conducting fluid. The method also includes 
electrically controlling the flow charactei istics of the jet 
stream, forming a plurality of electrospinning jet streams 
and independently controlling the flow characteristics of at 
least one of the jet streams. The apparatui for electrospin- 
ning includes a conducting fluid introduction device 
taining a plurality of electrospinning spinnerets, 
member positioned adjacent to the spim erets, 
member disposed between the spinnerets and 
member and movable to receive fibers formed from the 
conducting fluid, and a component for cor trolling the flow 
characteristics of conducting fluid from at ' 
neret independently from another spinneret. 
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FIG. 13 
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FIG. 14 SEM OF PAN MEMBRANE 
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FIG. 15 
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FIG. 16 SEM (MAGE OF ELECTROSPUN PLA MEMBRANE 
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FIG. 17 DUEL THICKNESS PLA MEMBRANE 
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FIG. 18 SEM OF COPPER PLATED PAN MEMBRANE 
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APPARATUS AND METHODS FOR 
ELECTROSPINNING POLYMERIC FIBERS 
AND MEMBRANES 

BACKGROUND OF INVENTION 

The present invention relates to an apparatus and methods 
for electrospinning polymer fibers and membranes. 

Electrospinning is an atomization process of a conducting 
fluid which exploits the interactions between an electrostatic 
field and the conducting fluid. When an external electrostatic 
field is applied to a conducting fluid (e.g., a semi-dilute 
polymer solution or a polymer melt), a suspended conical 
droplet is formed, whereby the surface tension of the droplet 
is in equilibrium with the electric field. Electrostatic atomi- 
zation occurs when the electrostatic field is strong enough to 
overcome the surface tension of the liquid. The liquid 
droplet then becomes unstable and a tiny jet is ejected from 
the surface of the droplet. As it reaches a grounded target, the 
material can be collected as an interconnected web contain- 
ing relatively fine, i.e. small diameter, fibers. The resulting 
films (or membranes) from these small diameter fibers have 
very large surface area to volume ratios and small pore sizes. 
However, no practical industrial process has been imple- 
mented for electrospinning membranes containing a high 
percentage of small, e.g., nanosize, fibers. This is because 
with the production of small fibers, such as nanosize fibers, 
the total yield of the process is very low and a scale-up 
process, which maintains the performance characteristics of 
the films (or membranes), cannot be easily achieved. 

U.S. Pat. No. 4,323,525 is directed to a process for the 
production of tubular products by electrostatically spinning 
a liquid containing a fiber-forming material. The process 
involves introducing the liquid into an electric field through 
a nozzle, under conditions to produce fibers of the fiber- 
forming material, which tend to be drawn to a charged 
collector, and collecting the fibers on a charged tubular 
collector which rotates about its longitudinal axis, to form 
the fibrous tubular product. It is also disclosed that several 
nozzles can be used to increase the rate of fiber production. 
However, there is no suggestion or teaching of how to 
control the physical characteristics of the tubular product, 
other than by controlling the charge and rotation speed of the 
tubular collector. For example, there is no teaching or 
suggestion of controlling jet formation, jet acceleration or 
fiber collection for individual jets. It is further noted that the 
spinning process of the '525 patent is used to fabricate 
tubular products having a homogenous fiber matrix across 
the wall thickness. 

U.S. Pat. No. 4,689,186 is directed to a process for the 
production of polyurethane tubular products by electrostati- 
cally spinning a fiber-forming liquid containing the poly- . 
urethane. It is disclosed that auxiliary electrodes can be 
placed around the collector to help facilitate collection of the 
fibers. It is disclosed that the auxiliary electrodes can be 
arranged to facilitate separation or to prevent adhesion of the 
formed fibers. There is no teaching or suggestion of inde- , 
pendently controlling jet formation, jet acceleration and 
fiber collection. It is also noted that the spinning process of 
the '186 patent is used to fabricate tubular products having 
a homogenous fiber matrix across the wall thickness. 

The above mentioned references do not address the prob- < 
lems associated with producing membranes or other articles 
on an industrial scale, without adversely affecting the per- 
formance characteristics of the resulting products. 

Thus, there is a need for improved electrospinning meth- 
ods for producing fibers and membranes on an industrial ( 
scale which do not have the above-mentioned disadvan- 
tages. 



SUMMARY OF INVENTION 



According to the present invention, it has 



that polymeric fibers can be produced by an elecrospinning 
. process having improved control over liber formation and 
transportation. In addition, membranes c an be produced by 
electrospinning with the apparatus anc according t " 
methods of the present invention on in inc* 
without the above-mentioned disadvantages. 
0 In one aspect, the invention relates 
electrospinning a polymer fiber from 
containing a polymer in the presence of a 
established between a conducting fluid : ntroduction device 
and a ground source, which includes modifying the first 
s electric field with a second electric field I o form a jet stream 
of the conducting fluid. The conducting; fluid introduction 
device is preferably a spinneret. 

The second electric field can be estab ished by imposing 
at least one field modifying electrode cn thi 
o static field. The field modifying electrc de can be a plate 
electrode positioned between the conducting fluid introduc- 
tion device and the ground source. 

Preferably, the method includes feed ng the conducting 
fluid to the conducting fluid introduction device at a con- 
5 trolled rate. The rate can be controlled >y maintaining the 
conducting fluid at a constant pressure or c( 

In one embodiment, the method also i: lvolves c 
the electrical field strength at the spinne et tip by adjusting 
the electric charge on the field modifying electrode t 
3 provide a controlled diameter fiber. 

In another embodiment, the method includes imposing a 
plurality of electrical field modifying electrodes to provide 
a controlled distribution of electrostatic p 
the spinneret and the ground source. 

In another aspect, the invention relates to a 
electrospinning a polymer fiber from ; 



method for 
conducting fluid 

containing a polymer in the presence of an electric field 
mnd source, which 

a) forming an electrospinning jet strear l of the conducting 
fluid; and 

b) electrically controlling the flow characteristics of the 
jet stream. 

The flow characteristics of the jet s 
cally controlled by at least one electrode^ ' 

5 of the jet stream can also be electrically controlled 
by at least one pair of electrostatic quadrupole lenses. 
Preferably, the flow characteristics of he jet stream are 
, electrically controlled by a plurality of pairs of electrostatic 
quadropole lenses and, more preferably by also using an 
alternating gradient technique. 

In one embodiment, the method involves electrically 
controlling the flow characteristics of the jet stream to 
provide a controlled pattern over a desk ;d target area. The 
controlled pattern can be provided by apj >lying a waveform 
to the potential on at least one pair of electrostatic quadro- 
pole lenses. 

In yet another aspect, the invention relates to a method for 
forming a controlled-dimension and cont oiled-morphology 
membrane by electrospinning a plurality " 



w been found 



industrial s 



potential between 



. of polymer fibers 

from conducting fluid containing a polymer in the presence 
of an electric field established between a solution introduc- 
tion device and a ground source, in which the method 
includes: 

a) forming a plurality of electrospinnini \ jet streams of the 
conducting fluid; and 
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b) independently controlling the flow characteristics of at 
least one of the jet streams. 

Preferably, the flow characteristics of at least one of the jet 
streams are electrically controlled by at least one scanning 
electrode, more preferably, by at least one pair of scanning 5 
electrodes. 

In one embodiment, the solution introduction device 
consists of a plurality of electrospinning spinnerets. 
Preferably, each spinneret produces an individual jet stream 
of the conducting fluid and, more preferably, the flow 
characteristics of each individual jet stream can be indepen- 10 
dently controlled. 

Preferably, each spinneret has at least one scanning elec- 
trode for electrically controlling the flow characteristics of 
the individual jet stream. More preferably, each spinneret 
has two pairs of scanning electrodes for electrically control- 15 
ling the flow characteristics of the individual jet stream. 

It is contemplated that at least two spinnerets can deliver 
different solutions, wherein different solutions refers to 
different concentrations of polymer, different polymers, dif- 
ferent polymer blends, different additives and/or different 20 
solvents. 

In another aspect the invention is directed to an electro- 
spinning apparatus for forming a membrane, which 
includes: 

a conducting fluid introduction device for providing a 2 5 
quantity of conducting fluid containing a polymer, the 
conducting fluid introduction device containing a plu- 
rality of electrospinning spinnerets for delivering the 
conducting fluid, the spinnerets being electrically 
charged at a first potential; 30 
a ground member positioned adjacent to the spinnerets 
and electrically charged at a second potential different 
from the first potential, thereby establishing an electric 
field between the spinnerets and the ground member; 
a support member disposed between the spinnerets and 35 
the ground member and movable to receive fibers 
formed from the conducting fluid; and 
means for controlling the flow characteristics of conduct- 
ing fluid from at least one spinneret independently from 
the flow characteristics of conducting fluid from 40 
another spinneret. 
Preferably, the means for independently controlling the 
flow characteristics includes at least one electrode disposed 
adjacent each spinneret, each electrode being charged at a 
potential different from and separate from the first potential. 45 

Preferably, each spinneret has two pairs of scanning 
electrodes for electrically separately controlling the flow 
characteristics of conducting fluid from the spinneret. 

The means for independently controlling the flow char- 
acteristics can include a means for individually electrically so 
turning on and off a respective spinneret. Preferably, the 
means for individually electrically turning on and off a 
respective spinneret contains at least one scanning electrode 
associated with each spinneret. 

The means for independently controlling the flow char- ss 
acteristics can also contain a means for applying an alter- 
nating gradient to the conducting fluid delivered from the 
spinnerets. Preferably, the means for applying said alternat- 
ing gradient includes a plurality of pairs of electrostatic 
quadropole lenses. 60 

In one embodiment, the electrospinning apparatus 
includes a probe associated with at least one spinneret, the 
probe being disposed between the electrode and the ground 
member, the probe being electrically charged at a potential 
different from the spinneret and the electrode. 

The electrospinning apparatus will preferably contain a 
pump for supplying conducting fluid to the conducting fluid 



introduction device at a predetermined p "essure. The pump 
can also be adapted to control the supply rate of conductive 
fluid at a constant flow rate or at a cons ant pressure. 

The electrospinning apparatus will prsferably include a 
pump system for supplying different conducting fluids to at 
least two individual spinnerets. 

In one embodiment, the conducting fluid introduction 
device contains a slit-die defining the plurality of spinnerets. 
The adjacent spinnerets can be intercon lected by slits. In 
such an embodiment, the spinnerets cin be defined by 
openings in the slit-die and the slits interconnecting the 
spinnerets are of configurations smaller han the openings. 
The apparatus can also contain a plurality of scanning 
electrodes disposed adjacent to each of the spinnerets. 

In another embodiment, the solution ii ltroduction device 
includes a matrix defining the plurality of spinnerets, the 
spinnerets being disposed in the matrix in electrical isolation 
from each other. At least two individual spinnerets can be 
electrically charged to a different potertial. The solution 
introduction device can also contain a plu ality of individual 
electrodes in which at least one individual electrode is 
disposed adjacent to each individual spin leret. At least two 
individual electrodes can be electrically charged to a differ- 
ent potential. 

In yet another aspect, the invention is directed to an 
apparatus for forming a membrane by electrospinning a 
plurality of polymer fibers from a conducting fluid which 
contains a polymer in the presence of an electric field 
between a conducting fluid introduction device and a ground 
source, in which the apparatus contains an improved con- 
ducting fluid introduction device which includes a plurality 
of spinnerets, each for independently delivering a controlled 
quantity of conducting fluid at a controlled pressure or flow 
rate, the spinnerets being charged at an ek ctric potential and 
being disposed relative to each other to lormally interfere 
with the electric field produced by adjacent spinnerets, each 
of the spinnerets having a tip at which conducting fluid exits 
configured to have an electrostatic field s length at each tip 
stronger than the liquid surface tension at each of the tips. 

Each of the tips can be configured by 1 aving a tip with a 
selected geometric profile, a selected spatial relationship 
relative to other spinneret tips or a combination of both. 

The apparatus containing the improved conducting fluid 
introduction device can also include an el sctrode associated 
with each spinneret configured to procuce an electrical 
potential to at least partially screen electric field interference 
from adjacent spinnerets. 

The apparatus containing the improved conducting fluid 
introduction device can also include a r leans for at least 
partially shielding a spinneret from electric field interference 
from adjacent spinnerets. The means for shielding can be a 
physical barrier disposed between adjacent spinnerets. The 
barrier will preferably have a conical shape. 

The present invention provides an appa atus and methods 
for producing fibers and membranes by el< ctrospinning with 
improved control over fiber formation and transportation. It 
also provides an apparatus and methods for producing 
membranes containing nanosize fibers on m industrial scale, 
without the above-mentioned disadvantages. 

Additional objects, advantages and novel features of the 
invention will be set forth in part in th; description and 
examples which follow, and in part will tx come apparent tc 
those skilled in the art upon examination o : the following, 01 
may be learned by practice of the invention. The objects and 
advantages of the invention may be realia d and attained by 
means of the instrumentalities and combin itions particularly 
pointed out in the appended claims. 
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BRIEF DESCRIPTION OF THE FIGURES 

i schematic of a fluid drop created from a 



a schematic of a liquid drop suspended from a 



FIG. 1 is 
capillary. 

FIG. 2 is 
capillary. 

FIG. 3 is a schematic of a droplet from a single spinneret 
in an electric field. 

FIG. 4 is a schematic of the potential trajectory of a 
charged fluid jet from a single spinneret. 10 

FIG. 5 is a graph of the electric field strength as a function 
of distance from the tip of a single spinneret. 

FIG. 6 is a schematic of the potential trajectory of charged 
fluid jets from a multiple spinnerets. ^ 

FIG. 7 is a graph of the electric field strength as a function 
of distance from the tip of a spinneret in a multiple spinneret 
system. 

FIG. 8 is a schematic of an electrospinning system. 

FIG. 9 is a schematic of an array of spinnerets for an 20 
electrospinning process. 

FIG. 10 (a) is a side view schematic of a multiple 
spinneret system for producing membranes in accordance 
with the 



ing fluid which exits from the conducting 
device, e.g., the spinneret tip, as well 
of the jet stream in three dimensional sr. 
ling the flow characteristics can 
formation, controlling jet acceleration 
stream to a desired target in three dims 
ing the jet stream to different targets 
process or a combination of these. 
Nanofiber Fabrication Technique By 

The invention is directed to improved 
ratus for electrospinning fibers and n 
conducting fluid containing a polymeric 

The mechanical forces acting c 
which must be overcome by the 
electrostatic field and the conducting 
electrospinning jet, can be understood b 
drop in a capillary tube. For a fluid 
capillary, as shown schematically in FIG. 
sure is developed within the drop due to 
tions. This excess pressure Ap inside th 
upon the capillary cross-section area jrr 2 , 
by the surface tension Y acting on the 
Ap-jtrr'-Y^jcr, or 



fluid introduction 
he directional flow 
Thus, control- 
controlling jet 
directing the jet 
ional space, steer- 
curing the spinning 

El< ctrospinning 
d methods and appa- 
niembranes from a 
material, 
conducting fluid, 
interaction between an 
luid to create the 
looking at a fluid 
created from a 
, a higher pres- 
molecular interac- 
e drop, which acts 
is counterbalanced 
circ umference 2itr, i.e. 



i inch de 



drop c 



FIG. 10 (b) is a cross-sectional view of the spinneret ' 
system of FIG. 11 (a) as seen along viewing line IV — IV 
thereof. 

FIG. 10 (c) is a bottom view of the multiple spinneret 
system FIG. 11 (a). 

FIG. 11 is an SEM of a PLA-co-PGA membrane spun 
from a solution containing 1 wt % KH 2 P0 4 . 

FIG. 12 is an SEM of a PLA-co-PGA membrane spun 
from a solution without salt added. 

FIG. 13 is an SEM of a membrane described in Example : 

FIG. 14 is an SEM of a PAN membrane described in 
Example 2. 

^ FIG. 15 is an SEM of a membrane described in Example A 

FIG. 16 is an SEM of a PLA membrane described in 
Example 5. 

FIG. 17 is an SEM of a dual thickness fiber PLA mem- 
brane described in Example 6. 4 

FIG. 18 is an SEM of a copper plated PAN membrane 
described in Example 10. 



The present invention is directed to an apparatus and 
methods for producing polymeric fibers and membranes 
containing such fibers by electrospinning with improved 
control over fiber formation and transportation. 

The present invention is also directed to an apparatus and 
methods for producing polymeric membranes by electro- 
spinning a plurality of polymeric fibers simultaneously in a 
multiple jet system. This allows for high production rates 
and is necessary for a commercially viable process. 
However, in order to produce membranes by a multiple jet 
system, and maintain the desired performance characteris- 
tics of the membranes, it is necessary to control the flow 
characteristics of individual jet streams of the conducting 
fluid, as discussed more fully below. 

By "flow characteristics" (of the conducting fluid) is 
meant the jet formation and jet acceleration of the conduct- 



Formula 1.1 reveals that both the drop excess pressure Ap 
and the surface energy per unit drop volume (4jtr 2 Y/[(4jt/ 
3)r 3 ])-3Y/r) become large when r is sm ill. 

The surface tension of a liquid dro ) hanging from s 
capillary tip (pendant drop), as shown schematically in FIG. 
2, can be derived from the droplet shape, which is deter- 
mined by a balance of all the forces actin % upon the droplet, 
including gravity. The droplet surface tension can be related 
to the droplet shape as follows. 



where Ap is the density difference bt 
interface (Ap-p for the droplet having a 
g is the gravitational constant, r 0 is 
curvature at the apex and p is the shape 
defined by: 



3 Numerical calculation can determine 

A droplet from a single spinneret in ai 

E, is shown schematically in FIG. 3. If i 
tivity other than zero, the electric field 

5 current flow or charge rearrangement 
positive charge will be accumulated at 
net electric field in the liquid becomes 
is necessary for the current flow to be a 
duration x of this flow is typically 

j permitivity and a is the conductivity of 
surface charge density (per unit area) p f , 

F, exerted on the surface by the electros 
droplet per unit area is: 

. f>P.(a)E 

The conductivity a of the liquid can b< 
adding an ionic salt. Thus, the surface ' 



T-e/a 



1] quid/air interface), 
radius of drop 
fkctor which can be 



electrostatic field 
liquid has conduc- 
w|ill cause an initial 
the liquid. The 
surface until the 
3. This condition 
in the liquid. The 
where e is the 
the liquid. With a 
the (surface) force 
' field Eon the 



adjusted, e.g., by 
<harge density per 



Fj-p.(oye*Y-p a v g (i.s) 
with p 0 , V, and g being the density, the volume of the droplet 
and the gravitational acceleration, respectively. If this con- 
dition is met, the droplet shape will change at the tip to 
become the "Taylor" cone and a small jet of liquid will be 
emitted from the droplet. If the electrostatic field remains 
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The conducting fluid can optionally 
creates an excess charge effect to facil 
ning process. Examples of suitable 
KH 2 P0 4 , K^HPO.,, KI0 3( KC1, MgS0 4 
CaCl 2 or mixtures of these salts. 

The polymer solution forming the 
preferably have a polymer 
about 1 to about 80 wt %, more prefs 

The conducting fluid will 



ucting fluid will 
in the range of 
about 10 to about 
preferably have a 

unchanged, the liquid moving away from the surface of the 10 viscosity in the range of about 50 to about 2000 mPas, more 



droplet will have net charges. This net excess charge is 
directly related to the liquid conductivity. Furthermore, the 
charged jet can be considered as a current flow, J(a, E), 
which will, in turn, affect the electric field distribution on the 
tip of the droplet, i.e., 

E-E 0+ EXJ) (1 . 6) 

with E 0 being the applied field threshold in the absence of 
fluid flow. For polymer solutions above the overlap 
concentration, the evenly distributed charges in the jet repel 
each other while in flight to the target (ground). Thus the 
polymer chains are continuously being "stretched" in flight 
until the stretch force is balanced by the chain restoring force 
or the chains are landed on the target, whichever comes first. 

In the electrospinning process according to the invention, 
a key requirement is to maintain the droplet shape. This 
requirement involves control of many parameters including 
liquid flow rate, electric and mechanical properties of the 
liquid, and the electrostatic field strength at the tip. In order 
to achieve high field strengths, the curvature of the electrode 
at the tip has to be sharp (small radius R 0 ). However, since 
a stable pendant droplet is controlled by the shape factor p, 
the curvature r 0 and thus R 0 could not be too small. FIG. 4 
shows, as an example, estimates of equal potential lines of 
a single electrode configuration with a set of specific geo- 
metric parameters and the force line for a charge particle in 
the trajectory that is normal to the equal potential lines. FIG. 
5 shows the estimated electric field strength along the jet 
direction from the tip of the electrode to the ground (plate). 

Sub-micron diameter fibers can be produced in accor- 
dance with the invention at a relatively high yield. For 
example, a 40% polymer solution being spun from a spin- 
neret with a diameter of 700 microns, which results in a final 
filament having a diameter of 250 nm, will have a draw 

of 7.84xl0 6 . If the extrudate (conducting fluid) has a ra 

about 20 fiVmia, the final filament speed will be about 136 
m/s, which is a relatively high spinning rate. Thus, a 
commercially viable process for making membranes accord- 
ing to the invention is achievable with a sufficient number of 
spinnerets operating at such speeds. For example, if a single 
jet is capable of processing a 40 wt % polymer solution at 
a rate of 20 ^1/min (i.e. 8 mg/min), then a production unit of 
100 jets can produce about 500 g of a membrane in 12 hours 
of operation. As the average membrane density is about 0.25 
g/cm and the average membrane thickness is about 25 
microns, about 160 sheets of a membrane (with dimensions 
of 20x25 cm 2 ) can be produced per day. 

The conducting fluid will preferably include a solution of 
the polymer materials described more fully below. The 
polymer material used to form the membrane is first dis- 
solved in a solvent. The solvent can be any solvent which is 
capable of dissolving the polymer and providing a conduct- 
ing fluid capable of being electrospun. Typical solvents 
include a solvent selected from N,N-Dimethyl formamide 
(DMF), tetrahydrofuran (THF), methylene chloride, 
dioxane, ethanol, chloroform, water or mixtures of these 
solvents. 



preferably about 200 to about 700 mPajs. 

The electric field created in the e 
will preferably be in the range of abo^it 
kilovolts (kV), more preferably about 10 
is feed rate of the conducting fluid to 
electrode) will preferably be in the 
about 1000 microliters/min, 
about 250 microliters/min. 

Preferably the electospinning process 
20 jets. This allows for the production of mi 
small diameter fibers in very high yield, 
production on an industrial scale. However, 
straints associated with trying 
electrospinning process. 
25 For a configuration with multiple jets' 
are to be considered: 1) the liquids si 
either at constant pressure or constant 
separate spinneret; and 2) the electrostal ic 
each tip of the electrode should be stroi 
30 come the liquid surface tension at that tip. 
been resolved by careful mechanical 
solution distribution to each of the s 
trodes being placed close to one another, 
field distribution is changed and the 
35 normally weakened because of the ii 
electrodes, i.e., 



de.ign 



e fiell 



*$**? 



where E,° is the unperturbed electric field 
single electrode i. E, y is the electric 

...... ..... „ , am , contributed by electrode j, and E'JJ) 

of 7.84xl0 6 . If the extrudate (conducting fluid) has a rate of 45 electric field caused by the current J of 



the equal potential line of a double jet 
electrodes having the geometrical ps 
single jet. 

By following Equation (1.5) for a 
> for the multiple jet operation are that, in 
(1.7), each jet (i) has to meet the follow: 

p,'(a,)£^yrPo'V,s 



.ingli 



Both conditions for Equations (1.7) 
55 met for multiple jet operation. The multir 
the present invention was based on thes( 
example, FIG. 7 shows the estimated ele 
along the direction from the tip to the ground, 
with FIG. 5, the field strength is les 
60 separate calculation could show that 
same field strength as the original unp 
electric potential has to increase from 5.0 
demonstrates that the electric field strength 
can be calculated by using Equation (1. 
65 shielding system or a specially shaped el 
a different electric potential may be used 
out the interference from nearby 



mtain a salt which 
te the electrospin- 
lts include NaCl, 
MgCl 2 , NaHC0 3 , 



ng process 
about 100 
to about 50 kV. The 
the spinneret (or 
of about 0.1 to 
bly about 1 to 



includes multiple 
ibranes containing 
making it useful for 

multiple jets in an 

main factors 
be delivered, 
flow rate, to each 
field strength at 
enough to over- 
The first factor has 
for controlled 
;ts. With elec- 
r, the electrostatic 
strength at tip is 
from nearby 



strength due to the 
field at location i 
the interference 
j. FIG. 6 shows 
juration with the 
:ers as that of a 



jet, the criteria 
:ion to Equation 
: ng condition: 



(1.8) should be 
le jet apparatus of 
'o criteria. For 
; field strength 
In comparison 
absolute value. A 
achieve the 
ngle jet, the 
{V to 5.6 kV. This 
for multiple jets 
Furthermore, a 
rode to produce 
to partially screen 
making the 
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scale up operation practical. Numerical estimates, including 
jet effects based on Equation (1.7), can be used to guide and 
to obtain an optimal design for specific operations. 

With multiple jets, as the electrodes are placed close to 
one another, the electrostatic field distribution is changed 
and the field strength of the spinneret i at the tip is altered 
by the presence of nearby electrodes. The net field strength 
at the tip i can be represented by three combinations: (1) the 
unperturbed electric field strength due to the single electrode 
i, (2) the sum of the electric field strength at location i due 
to all other electrodes, and (3) the electric field strength at 
location i generated by all jets (including i). This net field 
strength at tip i (Ei) can then be used to set the criteria for 
electrospinning, i.e., the product of surface charge density of 
the conducting fluid at tip i (S,) times E,. togeth( 
gravity effect should overcome the surface 



10 



50 kV is applied 
powir supply 7. A hood 
4 to remove the 



without interference from adjacent spinnjerets or jet si 
A charge in the range of about 20 t 
to the spinnerets by a high voltage 
8 is positioned over the multiple jet 
solvent at a controlled evaporation i 

A ground plate 9 is positioned belo 
system 4 such that an electric field 
charged spinnerets 6 and the ground p 
field causes tiny jets of the conducting 
from the spinnerets and spray towards 
forming small, e.g. sub-micron, diameter 

A moving support membrane 3 is p 
charged spinnerets 6 and the ground 
fibers which are formed from the spin 
with the 15 interconnected web of the fibers. The 
of the moves in the direction from the unwind 



s poweied 
J have 



r (foi 



I, spm 



i 30 metal oxide plating the membrane. 
Multiple jets with designed array 
ensure the fabrication of uniform i 
brane. Hood, heating and sample ti 
also be included to control the solvent 
: to enhance the mechanical propertii 
ness can be precisely controlled from 
hundreds of microns. Additional 
tions to the electrospinning process 
described below. 



field at tip i. These rules represent the fundamental criteria roll 11. 

for efficient multiple jet operation and permit optimal design The micro-flow control/pumping 

for specific operations that involve multiple parameter isolated from the ground and ii 
adjustments. 20 transformer 12. 

In accordance with the present invention, different The post-spinning processors 13 

approaches have been developed to provide for efficient drying, annealing, membrane transfer 
multiple jet operation. These approaches include improve- stainless mesh substrate to another 
ments in the multiple jet electrospinning apparatus to pro- mesh) and post-conditioning, 
vide sufficient field strength to overcome the surface tension 25 Post-conditioning can include additional 
of the conducting fluid and the electric field interference to change the physical characteristics of tjie 
from adjacent spinnerets and jet streams. For example, a e.g., post-curing, or to modify the r 
spinneret tip configuration can be provided to allow for rating other materials to change the p 
efficient multiple jet spinning. The spinneret tip configura- ing membrane, e.g., solution coating, 

tion can include a selected geometric profile to provide a — - - 

controlled charge distribution in the conducting fluid at the 
spinneret tip as discussed above. The spinneret tip configu- 
ration can also include a selected spatial relationship for the 
spinneret tips relative to each other. For example, the 
distance from individual spinneret tips to the ground source 
can be varied, depending upon the relative distance between 
adjacent spinnerets, to provide more efficient multiple jet 
spinning. 

Another example of an improved electrospinning appa- 
ratus is to provide an electrode associated with each spin- 40 Variation of Electric/mechanical 
neret configured to produce an electrical potential to at least Fluid 

partially screen electric field interference from adjacent The properties of the resulting mei 

spinnerets. Another example includes providing a means for electrospinning will be affected by the 
at least partially shielding the electric field interference, such cial properties of the conducting fluid, 
as a physical barrier disposed between adjacent spinnerets. 45 the macromolecular solution can be dr 

A particular apparatus for producing membranes accord- adding ionic inorganic/organic compound! 
ing to the present invention, which uses a multiple jet hydrodynamic properties of the fluid depi 
electrospinning system, is shown schematically in FIG. 8. tion of physical and mechanical 

Equipment not essential to the understanding of the inven- tension, viscosity and viscoelastic ,„ , , 

tion such as heat exchangers, pumps and compressors and 50 electrical properties (e.g., charge density 
the like are not shown. of t he fluid). For example, by adding 

Refernng now to FIG. 8, the conducting fluid, which — ' ' ' ' 

contains the polymer, is supplied by a micro-flow pump 
system 1. The conducting fluid preferably contains a 
polymer, a solvent and a salt, e.g., 25 wt % PLA-DMF 
solution with 1 wt % KH 2 P0 4 . The pump system 1 is linked 
to a computer 2 which controls the flow rate of the con- 
ducting fluid by controlling pressure or flow rate. Optionally, 
different flow rates can be provided and controlled to 
selected spinnerets. The flow rate will change depending 
upon the speed of the support membrane 3 and the desired 
physical characteristics of the membrane, i.e., membrane 
thickness, fiber diameter, pore size, membrane density, etc. 

The pump system 1 feeds the conducting fluid to a 
multiple jet system 4 that contains manifolds 5 having a 65 of the polymer solution droplet and a pla 
bank of spinnerets 6. The spinnerets each have a tip geom- small exit hole in the center is responsible : 
etry which allows for stable jet formation and transportation, of the jet stream. This exit hole will provi 1( 



w the multiple jet 
created between the 
ate 9. The electric 
fluid to be ejected 
he ground plate 9, 
filaments or fibers, 
between the 
i collect the 

membrane 3 
10 to the rewind 



pi ite 
si pport n 



The 



polymer solution, the fluid surface 
so that the electrostatic fields can influencje 
the jet flow over a wider range of cone 
pump system that can control the flow 
pressure or at constant flow rate, the effeci 
conducting fluid can be alleviated. 
Electrode Design 

In another embodiment for producing 
ing to the present invention, the jet formation 
electrospinning is further refined to 
over fiber size. Instead of merely 
spinneret and a ground plate, as dis 
tively charged spinneret is still responsibl 



s discussed 



the functions of 
example, from a 
te, e.g., a Malox 

processing steps 
membrane itself, 
; by incorpo- 
of the result- 
casting or metal/ 



can be used to 
5 of the mem- 
chambers can 
evaporation rate and 
recovered thick- 
is of microns to 
or modifica- 
und apparatus are 



Proper ies of Conducting 



ae produced by 
ric and mechan- 
conductivity of 
illy changed by 
. The magneto- 
ind on a combina- 
ies, (e.g., surface 
>r of the fluid) and 
and polarizability 
surfactant to the 
can be reduced, 
the jet shape and 
ns. By coupling a 

of viscosity of the 



n|nembranes accord- 
process during 
provide better control 



above, a posi- 
for the formation 
i|e electrode with a 
for the formation 
the means to let 
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the jet stream pass through the plate electrode. Thus, if the 
polymer droplet on the positively charged spinneret has a 
typical dimension of 2-3 mm and the plate electrode is 
placed at a distance of about 10 mm from the spinneret, a 
reasonable electrostatic potential can be developed. The 5 
short distance between the two electrodes implies that the 
electrostatic potential could be fairly low. However, the 
resultant electric field strength could be sufficiently strong 
for the electrospinning process. By varying the electric 
potential of the spinneret, the jet formation can be controlled 
and adjusted. Such an electrode configuration should greatly 10 
reduce the required applied potential on the spinneret from 
typically about 15 kilovolts (kV) down to typically about 1.5 
to 2 kV (relative to the ground plate potential). The exact 
spinneret potential required for stable jet formation will 
depend on the electric/mechanical properties of the specific 15 
conducting fluid. 

Control of Jet Acceleration and Transportation 

In another preferred embodiment for producing mem- 
branes according to the present invention, the jet stream 
flight is also precisely controlled. The jet stream passing 20 
through the plate electrode exit hole is positively charged. 
Although this stream has a tendency to straightening itself 
during flight, without external electric field confinement the 
jet will soon become unstable in its trajectory. In other 
words, the charged stream becomes defocused, resulting in 25 
loss of control over the microscopic and macroscopic prop- 
erties of the fluid. This instability can be removed by using 
a carefully designed probe electrode immediately after the 
plate electrode and a series of (equally) spaced plate elec- 
trodes. The electrode assembly (or composite electrode), 30 
i.e., the probe electrode and the plate electrodes, can create 
a uniform distribution of electrostatic potential along the 
(straight) flight path. The acceleration potential is formed by 
placing the base potential of the spinneret at about +20 to 
+30 kV above the target (at ground potential) while the 35 
electrostatic potential of the probe electrode can be adjusted 
to slightly below the plate electrode base potential. The 
composite electrodes are capable of delivering the jet stream 
to a desired target area. The composite electrode can also be 
utilized to manipulate the jet stream. By changing the 40 
electrostatic potential, the jet stream acceleration is altered, 
resulting in varying the diameter of the formed nano-fiber. 
This electrostatic potential variation changes the jet stream 
stability, and therefore, corresponding changes in the com- 
posite electrode can be used to stabilize the new jet stream. 45 
Such a procedure can be used to fine-tune and to change the 
fiber diameter during the electrospinning process. 
Jet Manipulation 

In yet another embodiment, the jet stream can be focused 
by using an "Alternating Gradient" (AG) technique, widely 50 
used in the accelerator technology of high-energy physics. 
The basic idea is to use two pairs of electrostatic quadrupole 
lenses. The second lens has the same geometric arrangement 
as the first lens with a reversed (alternate) electric gradient. 
The positively charged jet stream will be focused, for 55 
example, in the xz plane after the first lens and then be 
refocused in the yz plane after the second lens. It is noted 
that the z-direction represents the direction of the initial 
flight path. By applying an additional triangle-shaped wave- 
form to the potential on one of the pairs of the quadrupole, 60 
the jet can be swept across the target area, allowing the 
control of the direction of the jet stream. Furthermore, with 
varying waveform of the 'sweep' potential, a desired pattern 
on the target can be formed. 

Pattern Design by Electrospinning 65 

In yet another embodiment for producing membranes 
according to the present invention, reference will be made to 
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FIG. 9. In this embodiment, the conduct: ng 
duced into the electrospinning process 
electrospinning spinnerets 20. The array 
spinnerets are assembled ] 
electrical isolation for the spinnerets, 
having two pairs (X and Y direction) of 
electrodes 22. The spinneret 20 
22 are electrically wired such that each 
solution jet can be turned on and off and be 
size target area. As each spinneret 20 
independently by electricity, the response 
relatively fast. Also, each spinneret 20 
solution, e.g., each containing a different 
tration. A designed pattern can be obtained 
membrane. This pattern can be precisel) 
computer and can be tailored for specific 



fluid is intro- 
array of 
f electrospinning 
M that provides 
each spinneret 
iniature scanning 
electrodes 
individual polymer 
steered to a finite 
be turned on/off 

different 
drug or concen- 
the resultant 
controlled by a 
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Multiple Jet Slit-Die Geometry 

In yet a further embodiment for producing membranes it 
accordance with the present invention, ref srence k 
FIGS. 10(a)-10(c). In this embodiment, i 
tem 30 comprises an array of electrospinn: ng spinnerets 31, 
each spinneret 31 being defined by a sli 32 formed in a 
slit-die 33 that is coupled to high voltag e t' 
electrode disposed above the ground plate 34 
detail in FIG. 10(c), the spinnerets 31 ae each intercon- 
nected by selectively narrow slits 35, such that each spin- 
neret 31 is interconnected to a neighborin ; spinneret 31 by 
a slit 35. The conducting fluid will not flow through the slits 
35, but will flow through each of the spinnerets 31 in a more 
robust manner. 

The slit-die approach permits three distinct advantages 
that are not available by using individual spinnerets. First, 
the slit-die is made up of two separate components with 
controlled dimensions of the effective openings for the 
spinnerets. In other words, by changing the distance between 
the two components, the effective openings of the spinnerets 
become available. Second, the presence of slits between the 
larger openings permits fluid flow and thereby equalizes the 
pressure difference between the spinnerets. Third, the pres- 
ence of slits can also reduce potential blockage of the fluid. 

The membranes produced by the slit-die approach can 
achieve a larger degree of flexibility in the structures. For 
example, different size nanofibers can be produced from the 
same slit-die setup. 

Control of Degradation Rate through Procc ssing Parameters 
As discussed above, very different fil er diameter and 
morphology in the membrane can be obta ned by changing 
the parameters in the electrospinning process. As the deg- 
radation rate is inversely proportional to the fiber diameter, 
the manipulation capability through processing parameters 
provides not only the means to control the degradation rate 
of the membrane but also the ways to control drug loading 
efficiency and the drug release rate. 

For example, it is believed that a change in charge density 
(through the addition of salts) can signif cantly affect the 
fiber diameter. When 1 wt % potassium phosphate 
(KH 2 P0 4 ) was added to a PLA-co-PGA fiolution, the fiber 
diameter became much thinner (see SEM picture in FIG. 11) 
than the one with no salt added (FIG. 12). Thus, it is believed 
that higher excess charge density generally favors the pro- 
duction of thinner fibers and lower excess charge density 
favors the production of thicker fibers. Several other kinds 
of salts (e.g. NaCl, KH 2 P0 4 , KIO and K 3 P0 4 ), which are all 
biologically compatible to the body, are also contemplated. 

The apparatus and methods according to the invention can 
be used for electrospinning any fiberizable material. 
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Examples of such materials include polymers, such as PLA, 
PGA, PEO, nylon, polyesters, polyamides, poly(amic acids), 
polyimides, polyethers, polyketones, polyurethanes, 
polycaprolactones, polyacrylonitriles and polyaramides. 

The flberizable material is preferably a biodegradable or s 
bioabsorbable polymer, when it is desired to produce mem- 
branes for medical applications. Examples of suitable poly- 
mers can be found in Bezwada, Rao S. et al. (1997)Po/y(p- 
Dioxanone) and its copolymers, in Handbook of 
Biodegradable Polymers, A. J. Domb, J. Kost and D. M. 10 
Wiseman, editors, Hardwood Academic Publishers, The 
Netherlands, pp. 29-61, the disclosure of which is incorpo- 
rated herein by reference in its entirety. 

In an embodiment for preparing membranes useful in 
medical applications the polymer is a biodegradable and/or 15 
bioabsorbable polymer which contains a monomer selected 
from the group consisting of a glycolid, lactide, dioxanone, 
caprolactone and trimethylene carbonate. By the terminol- 
ogy "contains a monomer" is intended a polymer which is 
produced from the specified monomer(s) or contains the 20 
specified monomeric unit(s). The polymer can be a 
homopolymer, random or block co-polymer or hetero- 
polymer containing any combination of these monomers. 
The material can be a random copolymer, block copolymer 
or blend of homopolymers, copolymers, and/or heteropoly- 25 
mers that contains these monomers. 

In one embodiment, the biodegradable and/or bioabsorb- 
able polymer contains bioabsorbable and biodegradable 
linear aliphatic polyesters such as polyglycolide (PGA) and 
its random copolymer poly(glycolide-co-lactide) (PGA-co- 30 
PLA). The FDA has approved these polymers for use in 
surgical applications, including medical sutures. An advan- 
tage of these synthetic absorbable materials is their degrad- 
ability by simple hydrolysis of the ester backbone in aque- 
ous environments, such as body fluids. The degradation 35 
products are ultimately metabolized to carbon dioxide and 
water or can be excreted via the kidney. These polymers are 
very different from cellulose based materials, which cannot 
be absorbed by the body. 

Other examples of suitable biocompatible polymers are 40 
polyhydroxy alkyl methacrylates including 
ethylmethacrylate, and hydrogels such as 
polyvinylpyrrolidone, polyacrylamides, etc. Other suitable 
bioabsorbable materials are biopolymers which include 
collagen, gelatin, alginic acid, chitin, chitosan, fibrin, hyalu- 45 
ronic acid, dextran and polyamino acids. Any combination, 
copolymer, polymer or blend thereof of the above examples 
is contemplated for use according to the present invention. 
Such bioabsorbable materials may be prepared by known 
methods. 50 

Particularly useful biodegradable polymers include poly- 
lactides, poly-glycolides, polycarprolactone, polydioxane 
and their random and block copolymers. Examples of spe- 
cific polymers include poly D, L-lactide, polylactide-co- 
glycolide (85:15) and polylactide-co-glycolide (75:25). 55 

Preferably, the biodegradable polymers discussed above 
will have a molecular weight in the range of about 1,000 to 
about 1,000,000 g/mole, more preferably about 4,000 to 
about 250,000 g/mole. Blends of different molecular weight 
polymers are also contemplated. A small percentage of a low < 
molar mass monomer can also be added to the higher molar 
mass polymer. 

The methods and apparatus according to the invention are 
capable of producing membranes containing fibers having 
diameters in the range from about 10 up to about 1,000 < 
nanometers, more preferably about 20 to about 500 nanom- 
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It is also possible to produce membrane: 1 
having different diameters with 
sub-micron diameter fibers. Preferably, tt}e 
contain at least about 10 wt % of sub-mic 
more preferably at least about 80 wt % 

Membrane can also be produced 0 
different materials, e.g., different biodej 
sorable polymers. 

Optionally, additives, e.g., one or moi 
can be incorporated into the fibers prod 
with the invention. The additives can be 
flberizable material, e.g., polymer, prior tc 
fibers. 

The chemical composition, 
blends of polymers, the fiber diameter, the 
phology and the porosity of the non- 
be controlled to provide selectable perfc 
the membranes being produced. The 
contain a plurality of fibers which have 
agents or different concentrations of mec 
membranes offer unique treatment options 
tions of medicinal agents and release prt 

In one embodiment, the methods of the i 
provide a plurality of different layers. Th : 
same or different chemical composition, 
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formation of the 
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ial agents. Such 
with combina- 



membrane morphology and porosity. 

In such an embodiment, it is also 
additives can be incorporated between 
multi-layered membrane, instead of or in 
porating additives into the fiber structure 

Membranes can be prepared for 
the membrane contains a high percentage 
diameter fibers or where relatively high 
structure is desired. As a consequence oi 
branes using the present invention, tl 
membrane can be tailored to contain ; 
amount of very small diameter fibril: 
increased surface area over similar mem 
prepared without the present inventii 
desired characteristics of the membranes 
while producing the membranes at a rate 
the present invention. 

Examples of membranes which 
described characteristics that can be pre 
the invention include medical devices 
drug delivery devices, adhesion-reducing 
ing for guided tissue regeneration, ai ' " 
barriers, or nerve coaptation wraps, a 
devices or articles, such as separator mer 
collectors useful in batteries or fuel cells, 
are described in co-pending, commonly 
cation Ser. No. 09/859,007, entitled "~ 
Bioabsorbable Fibrous Articles and Methods 
Articles For Medical Applii 
herewith. 
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EXAMPLES 



The following non-limiting examples riave been carried 
out to illustrate preferred embodiments of the invention. 
These examples include the preparation of membranes 
according to the invention, analysis of th< membranes and 
testing of the membranes. 

Example 1 

A membrane according to the invention w 
follows: a 30 wt % PLG copolymer/DMF s 
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prepared by slowly dissolving PLG copolymer pellets 
(inherent viscosity of 0.55-0.75. Birmingham Polymers 
Inc., AL) into an N,N-dimethyl formamide (DMF) solvent at 
room temperature. The solution was then loaded into the 5 
ml syringe fitted with a gauge 20 needle, and delivered 5 
through a Teflon tube (0.03" ID) to the exit hole of an 
electrode having a diameter of 0.025". The solution was 
pumped and controlled by a syringe pump (Harvard Appa- 
ratus "44" series, MA) at a flow rate of 20 microliters/min. 
A 25 kV positive high voltage (by Glassman High Voltage 10 
Inc.) was applied on the electrode. The distance from the tip 
of the electrode to the grounded collecting plate was 15 cm. 
A tiny electrospinning jet was formed and stabilized in 30 
seconds under these conditions. The collecting plate was 
movable and controlled by a stepper motor. The collecting 15 
plate was continually moved at a rate of 1 mm/sec until a 
membrane having a relatively uniform thickness of about 
100 microns was obtained. An SEM (Scanning Electron 
Microscopy) image of the membrane is shown in FIG. 13. 

20 

Example 2 

A membrane according to the present invention, fabri- 
cated by a multi-jet electrospinning process, was prepared as 
follows: an 8 wt % polyacrylonitrile (PAN) (Aldrich Chemi- 
cal Company, Inc.)/DMF solution was prepared by slowly 
adding and dissolving the polymer powders into an organic 
solvent, which was DMF (N,N-dimethyl formamide), at 
room temperature. After the solution was completely mixed, 
it was then loaded into 6 individual syringes, each with a 
volume of 5 mL. The syringes were fitted with gauge 20 
needles and the solution was delivered through Teflon tubes 
(0.03" ID) to 6 electrodes, each having a tiny hole with a 
diameter of 0.025". The geometry of the electrodes was 
designed in such a way so that the largest electric field 
strength could be achieved at the tip of the electrode under 
a given electric potential, which included a hemispherical tip 
with a radius of 0.125 inch and a central hole of 0.025 inch 
diameter. The polymer solution was finally pumped and 
controlled by a syringe pump (Harvard Apparatus "44" 
series, MA) at a flow rate of 25 microliters/min. In addition, 
a 26 kV positive high voltage (by Glassman High Voltage 
Inc.) was applied on the electrodes in order to obtain the 
existence of six well-stabilized electrospinning jets. The 
distance from the tip of the electrodes to the grounded 
collecting plate was 15 cm and the tip of the electrodes were 
2 cm apart from each other. The collecting plate was 
movable and controlled by a step motor. The collecting plate 
was continually moved at a rate of 1 mm/sec until a 
bioabsorable and biodegradable PAN membrane having a 
relatively uniform thickness of about 100 microns was 
obtained. An SEM (Scanning Election Microscopy) image 
for the PAN membrane is shown in FIG. 14. 

Example 3 

A polymer solution suitable for electrospinning, which 
contained a drug, was prepared as follows: A sample of 
Poly(DL-lactide) ("PLA") purchased from Birmingham 
Polymers, Inc., Birmingham, Ala. (Product No. D98120) 
having a weight average molecular weight of 1.09xl0 5 . 
g/mole and a polydispersity of 1.42 was stored in a vacuum 
oven at room temperature. The pellets were dissolved in 
DMF purchased from Fisher Scientific, Fair lawn, N.J. to 
form a 25 wt % solution. The antibiotic drug used was 
Mefoxin™ from Merck & Co., Inc., West Point, Pa. The < 
antibiotic was dissolved in distilled water and then mixed 
with PLA/DMF solution in appropriate amounts to form the 



solution with a PLA/drug ratio of 9:1. A stable jet was 
formed using this solution in the electrqspinning process 
described in Example 1. 

Example 4 

A second membrane was prepared in a similar manner to 
Example 1, except that a drug solution Vas added to the 
polymer solution prior to electrospinning and the voltage 
applied to the electrode was adjusted. The^rug solution was 
prepared by dissolving 0.6 grams of Mefoxin (Merck & Co 
Inc.) into 0.4 grams of water. The drug solution was then 
very slowly (dropwise) added to the polymer solution with 
gentle stirring until it reached a final PLG/cJrug ratio of 19:1. 
A 20 kV positive high voltage (by Glassman High Voltage 
Inc.) was applied on the electrode. All othef parameters were 
the same as Example 1. An SEM (Scanning Electron 
Microscopy) image of the membrane containing the drug is 
shown in FIG. 15. 

Example 5 

A membrane was fabricated as follows} A 35 wt % PLA 
polymer/DMF solution was prepared by ^lowly dissolving 
the PLA pellets. The solution was fed through the syringe 
5 pump system to the electrodes at a flow rate of 20 microliter/ 
min per jet. A 25 kV positive high voltage tyas applied to the 
electrode. FIG. 16 shows a typical scanning electron micros- 
copy (SEM) image of an electrospun PLA membrane made 
by the procedures described above. It has an average fiber 
i diameter of 200 nm. The typical membrane density is about 
0.25 g/cm 3 , as compared to the neat resin (PLA) density of 
1.3 g/cm 3 . 

Example 6 

* A membrane containing dual thickness fibers was pre- 
pared as follows: a 25 wt % PLA-DMF solution was 
prepared by slowly dissolving PLA polymer pellets having 
the same molecular weight and poly dispersity as in 
} Example 2 into a DMF solvent. The drug solution was then 
very slowly (dropwise) added to the polyrner solution with 
gentle stirring until it reached a final PLG/rjrug ratio of 19:1. 
A 20 kV positive high voltage (by Glassnjian High Voltage 
Inc.) was applied on the electrode. All other parameters were 
. the same as Example 1. A membrane having a network 
' structure consisting of large size filaments (2 micron 
diameter), very fine fibrils (50 nanometer diameter) and 
small blobs was obtained by varying solution feeding speed 
ranging from 20 jWl/min to 70 fd/mia. An SEM of the 
resulting membrane is shown in FIG. 17. 

Example 7 

A biodegradable and bioabsorbable combosite membrane 
consisting of two polymer components of different hydro- 
; phobicity according to the present invention was prepared as 
follows: First, a 6 wt % polyethylene o^ide (PEO)/DMF 
solution was prepared by slowly adding the polymer pow- 
ders into an organic solvent, which was DMF (N,N-dimethyl 
formamide). Second, a 30 wt % polylactide glycolide 
) (PLG)/DMF solution was made by dissolving the polymers 
into DMF as well. After these two solutions were each 
completely homogenized at the room temperature, they were 
then loaded separately into two individual syringes, each 
with a volume of 5 mL. Next, the syringe^ were fitted with 
; 2 gauge 20 needles and delivered through Teflon tubes to the 
electrodes, each having a tiny hole with a diameter of 
0.025". The polymer solutions were finally pumped and 
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controlled by a syringe pump at a flow rate of 20 microliters/ 
min. In addition, a 25 kV positive high voltage was applied 
on two separate electrodes in order to obtain the existence of 
well-stabilized electrospinning jets. The distance from the 
tips of the electrodes to the ground collecting plate was 15 
cm. Furthermore, a step motor was utilized in order to 
control the movement of the ground collector so that it was 
capable to move in different directions, either left or right. 
The collecting plate was moving at a rate of 5 steps/sec 
continuously until a biodegradable and bioabsorable mem- 
brane having a relatively uniform thickness of 100 microns 
was achieved. 

Example 8 

A biodegradable and bioabsorbable composite membrane 15 
consisting of two component polymer blend of different 
hydrophobicity according to the present invention was pre- 
pared as follows: First, a 2 wt % polyethylene oxide (PEO, 
Mw=100,000 g/mol)/DMF solution was prepared by slowly 
adding the polymer powders into an organic solvent, which 20 
was DMF (N,N-dimethyl formamide). Second, a 20 wt % 
polylactide glycolide (PLG)/DMF solution was made by 
dissolving the polymers into DMF as well. These two 
solutions were mixed together and were each completely 
homogenized at the room temperature. They were then 25 
loaded separately into two individual syringes, each with a 
volume of 5 mL. Next, the syringes were fitted with 2 gauge 
20 needles and delivered through Teflon tubes to the 
electrodes, each having a tiny hole with a diameter of 
0.025". The polymer solutions were finally pumped and 30 
controlled by a syringe pump at a flow rate of 20 microliters/ 
min. In addition, a 25 kV positive high voltage was applied 
on two separate electrodes in order to obtain the existence of 
well-stabilized electrospinning jets. The distance from the 
tips of the electrodes to the ground collecting plate was 15 35 
cm. Furthermore, a step motor was utilized in order to 
control the movement of the ground collector so that it was 
capable to move in different directions, either left or right. 
The collecting plate was moving at a rate of 5 steps/sec 
continuously until a biodegadable and bioabsorable mem- 40 
brane having a relatively uniform thickness of 100 microns 
was achieved. 

Example 9 

45 

A polyimide membrane was prepared according to the 
present invention as follows: First, a solution was prepared 
by slowly dissolving pyrromelletic dianhydride (PMDA) 
and oxydianiline (ODA) in N,N-dimethylacetamide 
(DMAc) to provide a solution containing 10 wt % PMDA so 
and 10 wt % ODA. The resulting solution was then reacted 
under condensation reaction conditions at a temperature of 
50° C. for 30 minutes to provide a solution of poly(amic 
acid) pre-polymers. The yield was controlled to about 50% 
to avoid cross linking. The filtered and recovered poly(amic 55 
acid) solution contained about 10 wt % of solute. After the 
poly(amic acid) solution was completely homogenized at the 
room temperature, it was then loaded into a 5 ml syringe 
fitted with a gauge 20 needle and delivered through Teflon 
tubes to an electrode having a tiny hole with a diameter of 60 
0.025". The pre-polymer solution was pumped and con- 
trolled by a syringe pump at a flow rate of 20 microliters/ 
min. A 25 kV positive high voltage was applied on the 
electrode in order to obtain the existence of a well-stabilized 
electrospinning jet. The distance from the tip of the electrode 65 
to the ground collecting plate was 15 cm. A step motor was 
utilized in order to control the movement of the ground 
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collector so that it was capable to rrfove in different 
directions, either left or right. The collecting plate was 
moving at a rate of 1 mm/sec continuously until a poly(amic 
acid) membrane having a relatively uniform thickness of 
; 100 microns was achieved. 

The poly(amic acid) membrane then subjected to a post- 
curing step to convert the membrane to a polyimide mem- 
brane. In the post-curing step, the polemic acid) mem- 
brane was imidized by thermal conversion by maintaining 
0 the membrane at about 250° C. under a vacuum for 120 
minutes. The resulting membrane was yellowish with a silky 
tissue-paper like texture and had excellent environmental 
stability. 

S Example 10 

Membranes useful as a separators or cuitent collectors for 
a battery or fuel cell were prepared by subjecting a PAN 
membrane (prepared according to Example 2) and a poly- 
0 imide membrane (prepared according to Ekample 9) each to 
a post-conditioning step in which a conquctive layer was 
applied to the surface of each of the membranes. Since the 
membranes were not electrically conductive, they were 
plated with a thin layer of metal (e.g. popper) to induce 
5 conductivity using an electroless plating procedure. Elec- 
troless plating refers to the autocatalytic ot chemical reduc- 
tion of aqueous metal ions plated to a base substrate. This 
technique has been routinely used for codling of an object 
(such as a plastic part) as a pretreatmjent step. Unlike 
0 conventional electroplating, no electrical current is required 
for deposition. Components of the electrolkss bath typically 
include an aqueous solution of metal ions, Catalyst, reducing 
agent(s), complex agent(s) and bath stabilizers). In electro- 
less plating, the substrate being plated rmist be catalytic in 
s nature (usually induced by surface pre-treatment) and can 
induce the autocatalytic reaction in the bath to continuously 
deposit the metal. The metal ions are reducpd to metal by the 
action of the reducing agents. 

The following electroless plating procedure was used to 
coat the membranes with copper: In a first step, each 
membrane was immersed in an acidic aqueous solution of 
stannous chloride (SnCy (0.06 g SnCl 2 inj 20 ml H 2 0) kept 
at 45° C. for 30 minutes. In a second ^tep, each of the 
recovered membranes from step 1 werd immersed in a 
palladium chloride (PdCl 2 ) solution (having a concentration 
of 1 mg/ml of H 2 0) at 70° C. for 60 minutes. An electroless 
copper bath was prepared by combining 15 g/liter of copper 
sulfide (metal salt), 40 g/liter of Rochelle salt (complexing 
agent), 6 ml/liter of 37% formaldehyde (reducing agent) and 
0.01 g/liter of vanadium oxide (stabilizer)^ The pH level of 
the bath was kept at about 12 and the bath temperature at 
70-75° C. Each membrane recovered from step 2 was 
immersed in the electroless copper bath fojr 30 minutes. The 
plating rate of this bath was about 1 to 5 /utifi/hi, with a target 
layer thickness of less than 100 microns. A£ the fiber surface 
to volume ratio is extraordinarily high and the fiber diameter 
is small, the plating process did not cover the entire contour 
of the membrane surface evenly. However; with plating of a 
large fraction of the membrane surfac^ to the desired 
thickness, the resulting membrane exhibited sufficient elec- 
tric conductivity for battery and fuel cefl applications as 
separator membranes and current collector^. An SEM of the 
resulting copper plated PAN membrane is Shown in FIG. 18. 

Thus, while there has been disclosed ^jvhat is presently 
believed to be preferred embodiments of the invention, those 
skilled in the art will appreciate that other and further 
changes and modifications can be made yithout departing 
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from the scope or spirit of the invention, and it is intended 
that all such other changes and modifications are included in 
and are within the scope of the invention as described in the 
appended claims. 

We claim: 5 

1. A method for electrospinning a polymer fiber from a 
conducting fluid containing said polymer in the presence of 
a first electric field established between a conducting fluid 
introduction device and a ground source comprising: 

modifying said first electric field with a second electric 10 
field to form a jet stream of said conducting fluid and 
forming a polymer fiber. 

2. A method according to claim 1, wherein said conduct- 
ing fluid introduction device is a spinneret. 

3. A method according to claim 1, wherein said second 15 
electric field is established by imposing at least one field 
modifying electrode. 

4. A method according to claim 3, wherein said field 
modifying electrode is a plate electrode positioned between 
said conducting fluid introduction device and said ground 20 

5. A method according to claim 3, further comprising 
controlling the electrical potential on the conducting fluid 
introduction device by adjusting the electric charge on said 
field modifying electrode. 25 

6. A method according to claim 3, further comprising 
imposing a plurality of electrical field modifying electrodes, 
to provide a controlled distribution of electrostatic potential 
along the direction of flow of said jet stream. 

7. A method according to claim 1, further comprising 30 
feeding said conducting fluid to said conducting fluid intro- 
duction device at a controlled rate. 

8. A method according to claim 7, wherein said rate is 
controlled by maintaining said conducting fluid at a constant 
pressure or constant flow rate. 35 

9. A method for electrospinning a polymer fiber from a 
conducting fluid containing a polymer in the presence of an 
electric field established between a spinneret and a ground 
source comprising: 

a) forming an electrospinning jet stream of said conduct- 40 
ing fluid; and 

b) electrically controlling the flow characteristics of said 
jet stream to provide a controlled pattern over a desired 
target area; and 

c) forming a polymer fiber from said jet stream. 45 

10. A method according to claim 9, wherein said flow 
characteristics of said jet stream are electrically controlled 
by at least one electrode. 

11. A method according to claim 9, wherein said flow 
characteristics of said jet stream are electrically controlled so 
by at least one pair of electrostatic quadrupole lenses. 

12. A method according to claim 11, wherein said flow 
characteristics of said jet stream are electrically controlled 
by a plurality of pairs of electrostatic quadropole lenses. 

13. A method according to claim 12, wherein said flow 55 
characteristics of said jet stream are electrically controlled 
by using an alternating gradient technique. 

14. A method according to claim 9, wherein said con- 
trolled pattern is provided by applying a waveform to the 
potential on at least one pair of electrostatic quadropole 60 

15. A method for forming a controlled-dimension and 
controlled-morphology membrane by electrospinning a plu- 
rality of polymer fibers from a conducting fluid containing 
said polymer in the presence of an electric field established 65 
between a solution introduction device and a ground source, 
said method comprising: 
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a) forming a plurality of electrospinniflg jet streams of 
said conducting fluid; 

b) independently controlling the flow characteristics of at 
least one of said jet streams; and 

c) forming a membrane. 

16. A method according to claim 15, therein said flow 
characteristics of at least one of said jet streams are con- 
trolled by at least one scanning electrode] 

17. A method according to claim 15, ^herein said flow 
characteristics of at least one or more of said jet streams are 
controlled by at least one pair of scanning electrodes. 

18. A method according to claim 15, wherein said solution 
introduction device consists of a plurality of electrospinning 
spinnerets. 

19. A method according to claim 18, wherein each spin- 
neret produces an individual jet stream of said conducting 
fluid. 

20. A method according to claim 19, Wherein the flow 
characteristics of each individual jet strearn is independently 
controlled. 

21. A method according to claim 20, wherein each spin- 
neret has at least one scanning electrode for electrically 
independently controlling the flow characteristics of each 
individual jet stream. 

22. A method according to claim 21, wherein each spin- 
neret has two pairs of scanning electrodes for electrically 
controlling the flow characterists of eath individual jet 

23. A method according to claim 18, wherein at least two 
spinnerets deliver different conducting fluids. 

24. A method according to claim 23, wherein said differ- 
ent conducting fluids refers to different Concentrations of 

dif- 

25. An electrospinning apparatus for forming a 
membrane, comprising: 

a conducting fluid introduction device for providing a 
quantity of conducting fluid containing a polymer, said 
conducting fluid introduction device comprising a plu- 
rality of electrospinning spinnerets tin delivering said 
conducting fluid, said spinnerets being electrically 
charged at a first potential; 

a ground member positioned adjacent said spinnerets and 
electrically charged at a second potential different from 
said first potential, thereby establishing an electric field 
between said spinnerets and said ground member; 

a support member disposed between sajid spinnerets and 
said ground member and movable to receive conduct- 
ing fluid from said spinnerets; and 

means for controlling the flow characteristics of conduct- 
ing fluid from at least one spinneret independently from 
the flow of conducting fluid from another spinneret. 

26. An electrospinning apparatus according to claim 25, 
wherein said means for independently controlling the flow 
characteristics comprises at least one electrode disposed 
adjacent each spinneret, each electrode b^ing charged at a 
potential different from and separate from said first potential. 

27. An electrospinning apparatus according to claim 26, 
wherein each spinneret has two pairs of scanning electrodes 
for electrically separately directing the fldw characteristics 
of conducting fluid from said spinneret. 

28. An electrospinning apparatus according to claim 26, 
further comprising a probe associated with at least one 
spinneret, said probe being disposed between said electrode 
and said ground member, said probe being electrically 
charged at a potential different from said spinneret and said 
electrode. 
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29. An electrospinning apparatus according to claim 25, 
wherein said means for independently controlling said flow 
characteristics comprises a means for individually electri- 
cally turning on and off a respective spinneret. 

30. An electrospinning apparatus according to claim 29, s 
wherein said means for individually electrically turning on 
and off a respective spinneret comprises at least one scan- 
ning electrode associated with each spinneret. 

31. An electrospinning apparatus according to claim 25, 
wherein said means for independently controlling said flow 10 
characteristics comprises a means for applying an alternat- 
ing gradient to said conducting fluid delivered from said 
spinnerets. 

32. An electrospinning apparatus according to claim 31, 
wherein said means for applying said alternating gradient 15 
comprises a plurality of pairs of electrostatic quadropole 

33. An electrospinning apparatus according to claim 25, 
wherein said apparatus further comprises a pump for sup- 
plying conducting fluid to said solution introduction device 20 
at a predetermined pressure. 

34. An electrospinning apparatus according to claim 33, 
wherein said pump is adapted to control the supply rate of 
conductive fluid at a constant flow rate. 

35. An electrospinning apparatus according to claim 33, 25 
wherein said pump is adapted to control the supply of 
conductive fluid at a constant pressure. 

36. An electrospinning apparatus according to claim 25, 
wherein said apparatus comprises a pump system for sup- 
plying different conducting fluids to at least two individual 30 
spinnerets. 

37. An electrospinning apparatus according to claim 25, 
wherein said solution introduction device comprises a slit- 
die defining said plurality of spinneret. 

38. An electrospinning apparatus according to claim 37, 35 
wherein adjacent spinnemets are interconnected by slits. 

39. An electrospinning apparatus according to claim 38, 
wherein said spinnerets are defining by openings in said 
slit-die and said slits interconnecting said spinnerets are of 
configurations smaller than said openings. 40 

40. An electrospinning apparatus according to claim 37, 
further comprising a plurality of scanning electrodes dis- 
posed adjacent to each of said spinnerets. 

41. An electrospinning apparatus according to claim 25, 
wherein said solution introduction device comprises a 45 
matrix defining said plurality of spinnerets, said spinnerets 
being disposed in said matrix in electrical isolation from 
each other. 
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42. An electrospinning apparatus according to claim 41, 
wherein at least two individual spinnerets are electrically 
charged to a different potential. 

43. An electrospinning apparatus according to claim 41, 
further comprising a plurality of individual electrodes 
wherein at least one individual electrode is disposed adja- 
cent to each individual spinneret. 

44. An electrospinning apparatus according to claim 43, 
wherein at least two of said individual electrodes are elec- 
trically charged to a different potential. 

45. In an electrospinning apparatus for forming a mem- 
brane by electrospinning a plurality of pojymer fibers from 
a conducting fluid which contains a polymer in the presence 
of an electric field between a conducting fluid introduction 
device and a ground source, an improved iolution introduc- 
tion device comprising: 

a plurality of spinnerets, each for independently deliver- 
ing a controlled quantity of conducting fluid at a 
constant pressure or constant flow rate, said spinnerets 
being charged at an electric potential and being dis- 
posed relative to each other to normally interfere with 
the electric field produced by adjacent spinnerets, each 
of said spinnerets having a tip at which conducting fluid 
exits configured to have an electrostatic field strength at 
each tip stronger than the liquid surface tension at each 
of said tips. 

46. An improved solution introduction device according 
to claim 45, wherein each spinneret tip 'is configured by 
having a selected geometric profile, a selected spatial rela- 
tionship relative to other spinneret tips or a combination of 
both. 

47. An improved solution introduction device according 
to claim 46, further comprising an electrode associated with 
each spinneret configured to produce an electrical potential 
to at least partially screen electric field interference from 
adjacent spinnerets. 

48. An improved solution introduction device according 
to claim 45, further comprising a means for at least partially 
shielding each spinneret tip from electric field interference 
from adjacent spinnerets. 

49. An improved solution introduction device according 
to claim 48, wherein said means for it least partially 
shielding is a physical barrier disposed between adjacent 
spinnerets. 

50. An improved solution introduction device according 
to claim 49, wherein said physical barrier has a conical 
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FIG. 3 (a) 
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FIG. 5 SPUN MEMBRANE WITHOUT SALT 




U.S. Patent 



Feb. 6, 2007 



Sheet 6 of 14 



US 7,172,765 B2 




CO 
O 

I— H 

PL, 



U.S. Patent 



Feb. 6, 2007 



Sheet 7 of 14 



US 7,172,765 B2 




U.S. Patent 



Feb. 6, 2007 



US 7,172,765 B2 



O 



LU 

o 

D 

tr 
o 
o 
a: 

> 
z 

00 

O 

E 




U.S. Patent Feb. 6, 2007 Sheet 9 of 14 US 7,172,765 B2 



PIG. 9 SEM IMAGE OF ELECTROSPUN PLA MEMBRANE 



PIG. 10 BIODEGRADATION RATE OF ELECTROSPUN MEMBRANE 




* AMORPHOUS PGA FILM 

° P(DL)LA ELECTROSPUN FILM 



U.S. Patent Feb. 6, 2007 Sheet 10 of 14 US 7,172,7^5 B2 

FIG. 1 1 DUEL THICKNESS PLA MEMBRANE | 
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FIG. 16 SEM IMAGE OF AS-SPUN MEMBRANE 




FIG. 17 IN-VIVO DEGRADATION AFTER A WEEK 




US 7,1' 

BIODEGRADABLE AND/OR 
BIOABSORBABLE FIBROUS ARTICLES AND 
METHODS FOR USING THE ARTICLES FOR 

MEDICAL APPLICATIONS 

This application is a divisional of application Ser. No. 
10/375,329, filed on Feb. 27, 2003 now U.S. Pat. No. 
6,689,374 Ser. No. 09/859,007 filed on May 16, 2001. 

BACKGROUND OF INVENTION 

The present invention relates to biodegradable and/or 
bioabsorbable fibrous articles. More specifically, the present 
invention is directed to products and methods having utility 
in medical applications. In one embodiment, the fibrous 
articles of the invention are polymeric membranes. 

Polymeric membranes produced by an electrospinning 
technique have been suggested as being useful for biological 
membranes such as substrates for immobilized enzymes and 
catalyst systems, wound dressing materials and artificial 
blood vessels, as well as for aerosol filters and ballistic 
garments. 

Electrospinning is an atomization process of a conducting 
fluid which exploits the interactions between an electrostatic 
field and the conducting fluid. When an external electrostatic 
field is applied to a conducting fluid (e.g., a semi-dilute 
polymer solution or a polymer melt), a suspended conical 
droplet is formed, whereby the surface tension of the droplet 
is in equilibrium with the electric field. Electrostatic atomi- 
zation occurs when the electrostatic field is strong enough to 
overcome the surface tension of the liquid. The liquid 
droplet then becomes unstable and a tiny jet is ejected from 
the surface of the droplet. As it reaches a grounded target, the 
material can be collected as an interconnected web contain- 
ing relatively fine, i.e. small diameter, fibers. The resulting 
films (or membranes) from these small diameter fibers have 
very large surface area to volume ratios and small pore sizes. 
However, no practical industrial process has been imple- 
mented for producing membranes useful for medical appli- 
cations. This is because with the production of small fibers, 
such as nanosize fibers, the total yield of the process is very 
low and a scale-up process, which maintains the perfor- 
mance characteristics of the films (or membranes), cannot be 
easily achieved. 

U.S. Pat. No. 4,323,525 is directed to a process for the 
production of tubular products by electrostatically spinning 
a liquid containing a fiber- forming material. The process 
involves introducing the liquid into an electric field through 
a nozzle, under conditions to produce fibers of the fiber- 
forming material, which tend to be drawn to a charged 
collector, and collecting the fibers on a charged tubular 
collector which rotates about its longitudinal axis, to form 
the fiberous tubular product. It is also disclosed that several 
nozzles can be used to increase the rate of fiber production. 
However, there is no suggestion or teaching of how to 
control the physical characteristics of the tubular product, 
other than by controlling the charge and rotation speed of the 
tubular collector. It is further noted that the spinning process 
of the '525 patent is used to fabricate tubular products 
having a homogenous fiber matrix across the wall thickness. 

U.S. Pat. No. 4,689,186 is directed to a process for the 
production of polyurethane tubular products by electrostati- 
cally spinning a fiber-forming liquid containing the poly- 
urethane. It is disclosed that auxiliary electrodes can be 
placed around the collector to help facilitate collection of the 
fibers. It is disclosed that the auxiliary electrodes can be 
arranged to facilitate separation or to prevent adhesion of the 
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formed fibers. There is no teaching or suggestion of inde- 
pendently controlling jet formation, jet acceleration and 
fiber collection. It is also noted that the spinning process of 
the '186 patent is used to fabricate tubular products having 

5 a homogenous fiber matrix across the wall thickness. 

In one aspect, the present invention is directed V> products 
and methods for preventing the formation of post-surgical 
adhesions between a healing trauma site and adjacent sur- 
rounding tissue. 

to Adhesion formation is a natural and inevitable conse- 
quence of surgery. Injury, surgical incisions, abrasion or 
other operative damage to the peritoneum, pleural or 
abdominal cavity results in an outpouring of a serosan- 
guinous exudate. This exudate can accumulate on tjie injured 

15 surface and subsequently coagulate, producing | fibrinous 
bands between abutting surfaces which can became orga- 
nized by fibroblast proliferation to become collagenous 
adhesions. Adhesions are also known to form at bone 
fracture sites resulting in adhesions between the bone frac- 

20 tare surface and the surrounding tissue. 

Adhesions can lead to serious complications. For 
example, adhesions mat form in relation to intestinal surgery 
such as bowel resection, hernia repair, etc., n}ay cause 
obstruction of the intestine. Adhesions that form n<bar a bone 

25 fracture site may reduce or hinder the normal movement of 
the area of repair by restricting the natural movement of 
tendons over the adjacent bone. Adhesions may alio form in 
the vicinity of nerves and disrupt nerve transmissions with 
a resultant diminution of sensory or motor function. Adhe- 

30 sions have also been known to lead to female Infertility, 
chronic debilitating pain and difficulty with future opera- 
tions. Typically, a patient will often have to undergo addi- 
tional surgery to remove adhesions, only to have them 
reform. 

35 Various methods and substances have been uied in the 
hope of preventing post-operative adhesions. Certain drugs 
and surfactants have been suggested. For example U.S. Pat. 
No. 4,911,926 is directed to adhesion prevention! by appli- 
cation of aqueous and non-aqueous compositions bf a poly- 

40 oxyalkylene block copolymer to injured areas of the peri- 
toneal or pleural cavity or organs situated therein subsequent 
to surgical injury. 

Other surgical adjuvants have been used in an attempt to 
minimize or prevent adhesions following surgery, 'including 

45 anti-inflammatory drugs (such as corticosteroids) to 
decrease vascular permeability, antihistamines to reduce 
fibroblast proliferation, anticoagulants (such as heparin) and 
antibiotics (such as vibramycin or metokin) to reduce the 
incidence of infection. However, the use of drugs or com- 

50 positions which are applied to the surgical area tave only 
had limited success in preventing adhesions. 

Another approach to adhesion prevention involves appli- 
cation of a physical barrier at the area of surgical iijury. The 
theory is that a mechanical barrier, placed between the 

55 injured, healing serosal surfaces, which persists! until all 
serosal healing has taken place will prevent adhesions and 
the sequela, e.g., small bowel obstruction. Bioabsorbable 
materials in the form of barrier layers to prevent adhesions 
of tissues which have been suggested include products based 

60 on cellulose materials. However, the use of cotamercial 
cellulose based products to prevent adhesions has certain 
drawbacks. For example, the performance in preventing 
adhesions is limited. Furthermore, certain products have 
been reported to have handling problems during surgery or 

65 can cause scars after use. 

U.S. Pat. No. 4,674,488 is directed to interposing a barrier 
layer of soft biological tissue, such as collagen, Tcollagen- 
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fabric films, collagen membranes, or reconstituted collagen 
or Dacron™, mesh, at the interface of a bone fracture and the 
surrounding tissue. U.S. Pat. No. 4,603,695 is directed to a 
molded polymeric material for preventing adhesion of vital 
tissues. The polymeric material is made of a biodegradable 5 
and absorbable polymer such as certain polyesters, collagen, 
amino acid polymers and chitin and may be placed where 
there is a possibility of adhesion setting in. Although bio- 
logical materials, such as collagen, are generally "biocom- 
patible," they can generate scars when implanted in certain 10 
forms, and it is difficult to precisely control the degradation 
of such materials. 

Other materials have also been used to form physical 
barriers in an attempt to prevent adhesions, including sili- 
cone elastomers, gelatin films and knit fabrics of oxidized 15 
regenerated cellulose (hereinafter ORC). In some cases, it is 
suggested that heparin, heparinoid, or hexuronyl hexosami- 
nogly can be incorporated into the matrix of an ORC fabric 
or other matrices of hyaluronic acid, cross-linked and 
uncross-linkcd collagen webs, synthetic resorbable poly- 20 
mers, gelatin films, absorbable gel films, oxidized cellulose 
fabrics and films which are fabricated into a form that is said 
to be drapable, conformable and adherent to body organs 
and substantially absorbable within 30 days. See, e.g., U.S. 
Pat. No. 4,840,626 or EPA Publication No. 0 262 890 or EPA 25 
Publication No. 0 372 969. However, as discussed above, it 
is difficult to precisely control the degradation rate of many 
of these materials and scar tissue can result from use of 
many of the materials. 

Physical barriers are also used to cover and protect wound 30 
sites. PCT/US9 1/08972 is directed to a surgical article 
having a bioabsorbable fibrous matrix in a laminar relation- 
ship with a bioabsorbable cell barrier sheet. U.S. Pat. No. 
5,092,884 and EPA Publication No. 0 334 046 are directed 
to a surgical composite structure having absorbable and 35 
non-absorbable components which may be useful for repair- 
ing anatomical defects, e.g., preventing hernia formation in 
an infected area. The nonabsorbable portion of the compos- 
ite acts as a reinforcement material. The growth of natural 
tissue is said to be enhanced by controlled degradation of the 40 
absorbable portion. U.S. Pat. No. 5,035,893 relates to a 
wound covering composition having a sheet of biopolymeric 
material and a film of polyurethane resin. An antibacterial 
agent may be provided between the polyurethane film and 
the sheet of biopolymeric material, thereby forming a three- 45 
layer wound covering material. With the cure of the wound, 
it is said that the biopolymeric material is taken in as living 
tissue and the polyurethane film can be peeled off from the 
sheet without hurting the surface of a wound. Again, the use 
of many biopolymeric materials can result in the formation 50 

Thus, there is a need for improved membranes and other 
fibrous articles, which can be produced on an industrial 
scale, and for improved products and methods for reducing 
the formation of post-surgical adhesions, as well as for other 55 
medical applications, which do not have the above-men- 
tioned disadvantages. 

SUMMARY OF INVENTION 

According to the present invention, it has now been found 
that biodegradable and/or bioabsorbable articles, e.g. mem- 
branes, having improved performance and handling charac- 
teristics for medical applications can be provided without 
the above-mentioned disadvantages. 65 

In one aspect, the invention relates to a biodegradable 
and/or bioabsorbable fibrous article formed by electrospin- 



ning fibers of biodegradable and/or bioabsorbable fiberiz- 
able material, in which the article contains a composite of 
different biodegradable and/or bioabsorbable fibers. 

In another aspect, the invention relates to a biodegradable 
and/or bioabsorbable fibrous article formed by (jlectrospin- 
ning fibers of biodegradable and/or bioabsorbajjle fiberiz- 
able material, in which the article contains an Asymmetric 
composite of different biodegradable and/or bidabsorbable 
fibers. 

Different fibers can include fibers of different 1 diameters, 
fibers of different biodegradable and/or bioabsorbable mate- 
rials, or fibers of both different diameters and different 
biodegradable and/or bioabsorbable materials. 

Preferably, the article will contain at least abouf 20 weight 
percent of submicron diameter fibers, more preferably, the 
article will contain at least about 50 weight jpercent of 
submicron diameter fibers. 

Preferably, the biodegradable and/or bioabsorbable fiber- 
izable material is a biodegradable and/or bioabsorbable 
polymer. The biodegradable and/or bioabsorbabje polymei 
preferably contains a monomer selected from the group 
consisting of a glycolide, lactide, dioxanone, cabrolactone, 
trimethylene carbonate, ethylene glycol and lysine. 

In one embodiment the biodegradable and/or bioabsorb- 
able polymer contains a biodegradable and/or bioabsorbable 
linear aliphatic polyester, more preferably a polygiycolide ■ 
a poly(glycolide-co-lactide) copolymer. 

In another embodiment the biodegradable and/or bioab- 
sorbable fiberizable material contains a material derived 



from biological tissue, e.g., collagen, gelatin, polypeptides, 
proteins, hyaluronan acid and derivatives or' synthetic 
biopolymers. 

The fibers of different biodegradable and/or bioabsorb- 
able materials can include fibers having different chemical 
composition, such as different polymeric materials, different 
molecular weights of the same polymeric material, different 
blends of polymers, materials having different additives or 
materials having different concentration of additives. 

In another embodiment the article will contain different 
fibers, i.e. different diameters and/or different materials, 
having diameters in the range from a few nanometers up to 
almost about one micron, more preferably abo^t 10 up to 
about 1000 nanometers and most preferably frorh about 20 
to about 500 nanometers. The fibers of differentTdiameters 
can include both fibers having diameters less 1 than 300 
and fibers having diameters greater^ than 300 



The article can also contain small blobs of biodegradable 
and/or bioabsorbable material. Preferably, the sinall blobs 
will have diameters in the range of about 20 to labout 500 
nanometers and, more preferably, about 200 to about 1500 



In one embodiment, the article also contains at least one 
medicinal agent. The medicinal agent can be j contained 
within the biodegradable and/or bioabsorbable material 
itself, including within the fibers or within the smijll blobs of 
material, if present. In such a case, the fibers (and/or small 
blobs) can contain different concentrations of the i medicinal 
agent or different medicinal agents. 

The article can also have the structure of a plurality of 
layers, wherein at least one of the layers is a composite (or 
asymmetric composite) of different biodegradable and/or 
bioabsorbable fibers. In such a case, the article can also 
contain at least one medicinal agent between at least two of 
the layers. 

In one embodiment, the above described fibrous articles 
are in the form of a rr 
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The membrane according to the invention will preferably 
have a thickness in the range of about 10 to about 5000 
microns, more preferably about 20 to about 1000 microns. 

In another aspect, the invention relates to a fibrous article 
formed by electrospinning different fibers of different mate- 5 
rials, in which the article contains a composite of different 
fibers containing fibers of at least one biodegradable mate- 
rial and fibers of at least one non-biodegradable material. 
Preferably, the compositite of different fibers will contain 
submicron diameter fibers. The composite can be an asym- 10 
metric composite. 

In another aspect, the invention is directed towards an 
adhesion-reducing barrier containing a biodegradable and/or 
bioabsorbable membrane, in which the membrane contains: 

a composite of different biodegradable and/or bioabsorb- is 
able fibers; or 



Preferably, the adhesion-reducing barrier contains the 
above described membranes. 20 

In yet another aspect, the invention is directed to a method 
for reducing surgical adhesions which involves positioning 
an adhesion-reducing barrier between the site of surgical 
activity and neighboring tissues. The barrier contains a 
biodegradable and/or bioabsorbable membrane, in which the 25 
membrane contains: 

a composite (or an asymmetric composite) of different 
biodegradable and/or bioabsorbable fibers; 

a plurality of layers, with at least two layers having 
different biodegradable and/or bioabsorbable fibers from 30 
each other; or 

sub-micron diameter biodegradable and/or bioabsorbable 
fibers, having at least one medicinal agent contained within 
the fibers. 

Preferably, the method involves use of the above 35 
described barriers. 

In yet another aspect, the invention is directed to a system 
for controlled delivery of a medicinal agent which contains 
the medicinal agent to be delivered and a biodegradable 
and/or bioabsorbable fibrous article physically associated 40 
with the medicinal agent to release the agent at a controlled 
rate. The article contains a composite of different biodegrad- 
able and/or bioabsorbable fibers or an asymmetric composite 
of different biodegradable and/or bioabsorbable fibers. 

Preferably, the system will include the articles and bio- 45 
degradable and/or bioabsorbable materials discussed above. 

In another aspect, the invention is directed to a method for 
the controlled delivery of a medicinal agent which involves 
implanting at a target site in an animal, a system for 
controlled delivery of a medicinal agent. The system for 50 
controlled delivery of a medicinal agent contains the medici- 
nal agent to be delivered and a biodegradable and/or bio- 
absorbable fibrous article physically associated with the 
medicinal agent to release the agent at a controlled rate. The 
article contains a composite of different biodegradable and/ 55 
or bioabsorbable fibers or an asymmetric composite of 
different biodegradable and/or bioabsorbable fibers. 

Preferably, the method involves use of the above 
described system. 

The present invention provides biodegradable and/or bio- 60 
absorbable fibrous articles, e.g. membranes, having 
improved performance and handling characteristics for 
medical applications, including improved performance in 
preventing adhesions. The invention also provides fibrous 
articles containing fibers of controlled size and having 65 
controlled morphology and biodegredation rate with utility 
in a controlled delivery system. 



Additional objects, advantages and novel features of the 
invention will be set forth in part in the description and 
examples which follow, and in part will become apparent to 
those skilled in the art upon examination of the following, or 
may be learned by practice of the invention. The objects and 
advantages of the invention may be realized and attained by 
means of the instrumentalities and combinations particularly 
pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a schematic of an electrospinning system. 

FIG. 2 is a schematic of an array of spinnerets for an 
electrospinning process. 

FIG. 3(a) is a side view schematic of a multiplej spinneret 
system for producing membranes in accordance with the 
invention. 

FIG. 3(b) is a cross-sectional view of the spinneret system 
of FIG. 3(a) as seen along viewing lines IV— IVI thereof. 

FIG. 3(c) is a bottom view of the multiple I spinneret 
system of FIG. 3(a). 

FIG. 4 is an SEM of a PLA-co-PGA membrane Spun from 
a solution containing 1 wt % KH 2 P0 4 . 

FIG. 5 is an SEM of a PLA-co-PGA membrane $pun from 
a solution without salt added. 

FIG. 6 is an SEM of a membrane described in' Example 



FIG. 7 is 



q SEM of a membrane described inj Example 

FIG. 8 is a graph of the results of the drug release test 
described in Example 4. 

FIG. 9 is an SEM of a PLA membrane described in 
Example 5. 

FIG. 10 is a graph of the results of the biodegradation tests 
described in Example 6. 

FIG. 11 is an SEM of the PLA membrane described in 
Example 7. 

FIG. 12 is an SEM of the PLA membrane described in 
Example 7 after 1 week of degradation. 

FIG. 13 is a graph of the results of the adhesion experi- 
ment described in Example 8. 

FIG. 14 is a graph showing the tensiometer readings from 
the experiment described in Example 8. 

FIG. 15 is a graph of the results of the antibacterial test 
described in Example 9. 

FIG. 16 is an SEM of the as spun membrane described in 
Example 10. 

FIG. 17 is an SEM of the partially biodegradedrnembrane 
described in Example 10. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is directed to biodegradable and/or 
bioabsorbable fibrous articles and methods for jising the 
articles for medical applications including reducing the 
formation of post-surgical adhesions between i healing 
trauma site and the adjacent tissue and controlled delivery 
systems. 

In one aspect, the invention relates to a biodegradable and 
bioabsorbable fibrous article formed by electrospinning 
fibers of biodegradable and/or bioabsorbable fberizable 
materia] in which the article contains a composite of differ- 
ent biodegradable and/or bioabsorbable fibers. 

In another aspect, the article can contain an asymmetric 
composite of different biodegradable and/or bioabsorbable 
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In yet another aspect, the article can also include fibers of spherical particles. They found that a linear relationship 

at least one non-biodegradable/non-bioabsorbable material. between the degradation rate and particle size existed, with 

By the term biodegradable is intended a material which is the larger particles degrading fastest, 

broken down (usually gradually) by the body of an animal, Other examples of suitable biocompatible polymers are 

e.g. a mammal, after implantation. 5 polyhydroxyalkyl methacrylates including ethylmethacry- 

By the term bioabsorbable is intended a material which is late, and hydrogels such as polyvinylpyrrolidone,/polyacry- 

absorbed or resorbed by the body of an animal, e.g. a lamides, etc. Other suitable bioabsorbable materials are 

mammal, after implantation, such that the material eventu- biopolymers which include collagen, gelatin, alginic acid, 

ally becomes essentially non-detectable at the site of implan- _ chitin, chitosan, fibrin, hyaluronic acid, dextran, Jolyamino 

tation. io acids, polylysine and copolymers of these materials. Any 

By the terminology "biodegradable and/or bioabsorbable combination, copolymer, polymer or blend thereof of the 

fiberizable material" is intended any material which is above examples is contemplated for use according to the 

biocompatible, as well as biodegradable and/or bioabsorb- present invention. Such bioabsorbable materials may be 

able, and capable of being formed into fibers, as described prepared by known methods. 

more fully below. The material is also capable of being 15 Particularly useful biodegradable and/or bioabsorbable 

formed into a fibrous article which is suitable for implan- po ly mers include polyl-actides, poly-glycolidesj polycar- 

tation mto an animal and capable of being biodegraded prolactone, polydioxane and their random and blcxtkcopoly- 

and/or bioabsorbed by the animal. mers . Examples of specific polymers include poly D,L- 

The biodegradable and/or bioabsorbable fiberizable mate- ] actide; po l y l ac tide-co-glycolide (85: 1 5) and polylactide-co- 

rial is preferably a biodegradable and bioabsorbable poly- 20 glycolide (75-25) 

mer. Examples of suitable polymers can be found in Preferably, the biodegradable and/or bioabsorbable poly- 

Bezwada, Rao S. et al. 1997) PoIy(p-Dioxa n one) and its mers med ^Jf of ±e invention; will have 

copolymers in Handbook of Biodegradable Polymery A. J , molecular weight in me of about j ^ to about 

Domb, J. Kos and D^ Wiseman, ed.tors Hardwood 8 000 000 ^ mo , more ferabl about 4 0od t0 about 

Academic Publishers, The Netherlands, pp. 29-61, the dis- 25 250,000 g/mole 

closure of which is incorporated herein by reference in its n ' t . t ■ , „ ... ... j . ,, 

entiretv By the terminology "composite of different biodegradable 

T f , , .. , ... ,, , . and/or bioabsorbable fibers" is intended any combination of 

In a preferred embodiment the biodegradable and/or bio- . ,.. . . , . .. , ■ 1 , 

. .\, . . . , , the different fibers interleaved with each other m the form of 

™ t $ ^ C T m i H m wH 6r H ^ a ®>™> niatrix, which can be in the form of a Jntaane or 

WtnL ZI 8 , 8 r f ' i \ ' ,° X T n H' , Ca ^' 30 other dim^sional form of tailored geomet£ such as 

lactone, tnmethylene carbonate, ethylene glycol and lysine. a rod 0 r dIu 

By the terminology "contains a monomer" is intended a „ . . ? ' „ . L ,. „. 
polymer which is produced from the specified monomer(s) ... B J the , termmology asymmetric composite of different 
or contains the specified monomeric unit(s). The polymer b,od*gmd*ble and/or bioabsorbable fibers" is fended a 
can be a homopolymer, random or block co-polymer or 35 "> m P 0 f e of biodegradable and/or bioabsorbable 
hetero-polymer containing any combination of these mono- fibers having at least one of non-homogeneous pbrosity or 
mers. The material can be a random copolymer, block a ff mb led morpho ogy, variations in the ratio of different 
copolymer or blend of homopolymers, copolymers, and/or fiberS ' P ro ^ s ln 8 *™fb- different regions of th* compos- 
heteropolymers that contains these monomers. lte ma,enaL For exam P le > wlth refer ^ c i t0 a j? embrane 
In one embodiment, the biodegradable and/or bioabsorb- 40 ^"^8 ^ asyinmetnc composite of different biodegrad- 
able polymer contains bioabsorbable and biodegradable able and { or bioabsorbable fibers, the porosity, morphology 
linear aliphatic polyesters such as polyglycolide (PGA) and or vana f 10 f ln fib ers can be varied either in a| direction 
its random copolymer poly(glycolide-co-lactide) (PGA-co- P^^cular to or parallel with the surface of the mem- 
PLA). The FDA has approved these polymers for use in bra f u ? ms ' an asymmetac composite of different biode- 
surgical applications, including medical sutures. An advan- 45 ^ bioabsorbable fibers can have ldo percent 
tage of these synthetic absorbable materials is their degrad- subtmcron d>ameter fibers on a first side of the membrane, 
ability by simple hydrolysis of the ester backbone in aque- ^ submic , ron dlameter fibers on the opposite side, 
ous environments, such as body fluids. The degradation if a P ro f e f velv lower percentage of submicron diameter 
products are ultimately metabolized to carbon dioxide and m ^direction from the first side across the thickness 
water or can be excreted via the kidney. These polymers are 50 01 ^ memblane - 

very different from cellulose based materials, which cannot B ? Ae terminology "different biodegradable and/or bio- 
be absorbed by the body. absorbable fibers" is intended to include fibers of different 
These materials are also effective drug carriers for phar- diameters, fibers of different biodegradable andjor bioab- 
maceutical products, as they meet several drug release sorbable materials, or fibers of both different diameters and 
criteria including a biocompatible and biodegradable poly- 55 different biodegradable and/or bioabsorbable materials, 
mer matrix that provides efficient drug loading. The degra- Bv ^e terminology "fibers of different dianjieters" is 
dation rate of these materials, as well as the release rate of intended that the article will include fibers havirig at least 
entrapped drugs, can only be roughly controlled by varying ^ different target (or intended) diameters, 
the molecular structure and the molecular weight as there is By the terminology "fibers of different biodegradable 
no linear relationship between the physical properties of the 60 and/or bioabsorbable materials" is intended to include fibers 
constituent homopolymers or their copolymers. However, having different chemical composition, in the form of, for 
by controlling the filament diameter (to nanometer sizes) example, different polymeric materials, different piolecular 
and the assembly morphology as described more fully weights of the same polymeric material, or different addi- 
below, the degradation rate and the drug release rate can be tives (or concentration of additives), such as rnedicinal 
finely tuned. For example, Dunne et al. examined the 65 agents. 

influence of processing conditions, particle characteristics In one embodiment, the article will contain different fibers 

and media temperature on the degradation of PGA-co-PLA having diameters in the range from a few up to about 1 ,000 



US 7,172,765 B2 



more preferably about 10 up to about 1000 
and most preferably about 20 to about 500 



The article can contain fibers having different diameters 
with a controlled percentage of sub-micron diameter fibers. 
Preferably, the article will contain at least about 10 wt % of 
sub-micron diameter fibers, more preferably at least about 
20 wt %, and most preferably at least about 50 wt %. 

Optionally, the fibrous article can contain at least one 
medicinal agent. In such a case, one or more medicinal 
agents may be incorporated into the fibers of the article. 
Preferably, the medicinal agent(s) will be mixed with the 
bioabsorable material, e.g., polymer, prior to formation of 
the fibers. 

In loading the medicinal agent, the medicine may need to 
be dissolved in a solvent that may not be compatible with the 
solvent used in the electrospinning process. A block copoly- 
mer, acting as a surfactant, can then be used to circumvent 
this difficulty. One block that forms the micellar shell is a 
polymer that is compatible with the fibrous material that will 
be used to form the nano-fibers and the other block that has 
a different chemical composition is more compatible with 
the medicinal agent. For example, a block copolymer of 
PLA-co-PEO could form a micelle that is compatible with 
the PLA solution while the inner PEO core that is more 
hydrophilic can be used to load more hydrophilic medicinal 
agents. The micellar property and uptake capacity can be 
determined by the chemical composition of the blocks, the 
molecular architecture, the block length, and the chain 
length ratio of the blocks. The micelles, being compatible 
with the fibrous material can be incorporated into the 
nano-fibers during processing. Furthermore, the drug release 
rate can also be controlled by the micellar property. For 
example, a glassy core can reduce the drug release rate. 

By the term "medicinal agent" is intended any substance 
or mixture of substances which may have any clinical use in 
medicine. Thus medicinal agents include drugs, enzymes, 
proteins, peptides, glycoproteins, hormones or diagnostic 
agents such as releasable dyes or tracers which may have no 
biological activity per se, but are useful for diagnostic 
testing, e.g., MRI. 

Examples of classes of medicinal agents that can be used 
in accordance with the present invention include antimicro- 
bials, analgesics, antipyretics, anesthetics, antiepileptics, 
antihistamines, anti -inflammatories, cardiovascular drugs, 
diagnostic agents, sympathomimetic, cholinomimetic, anti- 
muscarinics, antispasmodics, hormones, growth factors, 
muscle relaxants, adrenergic neuron blockers, anti-neoplas- 
tics, immunosuppressants, gastrointestinal drugs, diuretics, 
steroids and enzymes. It is also intended that combinations 
of medicinals can be used in accordance with the present 
invention. 

Thus, in one embodiment of the present invention focal 
delivery and application of a medicinal agent to the wound 
site is achieved. Focal application can be more desirable 
than general systemic application in some cases, e.g., che- 
motherapy for localized tumors, because it produces fewer 
side effects in distant tissues or organs and also concentrates 
therapy at intended sites. Focal application of growth fac- 
tors, anti-inflammatory agents, immune system suppressants 
and/or antimicrobials by the membranes of the present 
invention is an ideal drug delivery system to speed healing 
of a wound or incision. Focal application of anesthetics by 
the articles of the present invention is an ideal drug delivery 
system for pain management. 

In one embodiment, the above described fibrous articles 
are in the form of a membrane. Although the discussion that 
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follows is directed to membranes in accordance with the 
invention, it should be understood that the disfcussion is 
applicable to other three dimensional articles, including, but 
not limited to tubes, rods, plugs, blocks, etc. ■ 

In one aspect the invention is directed to biodegradable 
and/or bioabsorbable membranes having a conujolled bio- 
degradation rate. The chemical composition, i.ej., specific 
polymers or blends of polymers, the fiber diameter, the 
membrane morphology, the molecular weight distribution 
) and the porosity of the membrane can be used to control the 
degradation and/or absorption time for the merxibrane. As 
such, the membranes containing medicinal agents [within the 
fibers themselves are well suited as a controlled cjrug deliv- 
ery device, since the above-mentioned factors cin also be 

> used to control the rate of release of the medicirjal agent. 

The membrane can also contain a plurality of fity ers which 
have different medicinal agents or different concentrations 
of medicinal agents. Such membranes offer unique 1 treatment 
options with combinations of medicinal agents a^id release 
) profiles. 

In one embodiment, the membrane can contain ^ plurality 
of biodegradable and/or bioabsorable non-woven layers. 
The layers can have the same or different chemical compo- 
sition, fiber diameters, membrane morphology an^l porosity 
i as discussed more fully above. Multiple layered membranes 
can offer yet another way to precisely control degradation 
and drug release rate. 

In such an embodiment, it is also contemplated that 
medicinal agents can be incorporated between thf layers of 
) the multi-layered membrane, instead of or in addition to, 
incorporating the agents into the fiber structure itself. 

In one embodiment, the membrane can be attached to a 
non-absorbable reinforcement layer, such as a Marlox mesh. 
In another aspect, the invention relates to a fibrous article 
i formed by elecrospinning different fibers of different mate- 
rials, in which the article contains a composite of different 
fibers containing fibers of at least one biodegradable mate- 
rial and fibers of at least one non-biodegradable material. 
In addition to drug delivery devices, the membranes of the 
) present invention are particularly well suited for 1 use as an 
adhesion-reducing barrier. 

The membranes of the present invention may be 
employed as barriers between tissues or barrier^ between 
tissue and bone to prevent binding of tissue to tissue or of 
; tissue to bone. Examples of uses of the devices of the present 
invention include, but are not limited to, barrier^ between 
the internal female reproductive organs (e.g., uterus, fallo- 
pian tubes, ovaries); barriers between the internal female 
reproductive organs and the peritoneum; barriers for use 

> during laparoscopy; barriers between periodontal tissue; 
barriers between cartilage or between cartilage find bone; 
barriers between digestive organs; spinal barriers; barriers 
between digestive organs and peritoneum; barriers between 
the epicardium and surrounding structures such aj> the peri- 

; cardium, mediastinal fat, pleura, and stemumj; barriers 
between tendons and tendon sheaths, such as those in the 
wrist and ankle; bone fracture wraps; barriers^ between 
muscle tissue and bone; barriers between the esophagus and 
mediasternum; barriers between the gall bladder of pancreas 

> and the peritoneum; and barriers for scrotal surgery. 

The membranes of the present invention may alio be used 
for guided tissue regeneration. For example, the irjembranes 
may be used to cover internal perforations, such as, for 
example, perforations in blood vessels, internal organs, the 
nasal septum, and the eardrum membrane, and may be used 
to reconstruct the abdominal wall, or to reinforce areas prone 
to or showing scar formation, such as, for example, inguinal 
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hernias. The membrane therefore acts as a patch for covering 
the perforation until complete healing, followed by copoly- 
mer absorption, is achieved. It is also contemplated that the 
membranes may be employed as a cover for burns, whereby 
the device acts as a patch until the burn is healed. 5 

The membranes of the present invention may be 
employed as a scaffolding to treat ulcers. A porous mem- 
brane can be designed to stimulate the proliferation of 
fibrous tissue, as a consequence of which, for example, in 
the case of ulcers, the wound bed becomes more optimal for io 
the regeneration of skin. 

The membranes of the present invention may also be 
employed in redirect healing, whereby the devices are 
employed to protect nerves and organ coverings, and 
mucosa during the healing process, whereby the formation 15 
of fibrous tissue over such nerves, organs, and mucosa is 
prevented. 

The membranes may also be employed to prevent the 
formation of internal blood clots after surgery or traumatic 
injury. 20 

The membranes may also be employed in covering 
denuded epithelial surfaces or weakened areas such as 
damaged middle ear mucosa or other mucosal surfaces, 
thinned vascular walls, or surgically denuded areas, such as, 
for example, surgically denuded areas of the pelvis. 25 

The membranes may also be employed as anti-fibroblastic 
growth barriers, or as nerve coaptation wraps for connecting 
or repairing severed nerve ends or for repairing inflamed 
nerves. 

The membranes of the present invention may be formed 
or constructed into various shapes including, but not limited 
to, flat sheets, tubes, rods or other three dimensional articles, 
as necessary to facilitate use in a particular application. 

A post surgical anti-adhesion barrier or membrane of the 35 
present invention is generally used in the form of a sheet of 
a desired size and shape. A surgeon may cut a custom shape 
from preformed sheets to suit particular applications. After 
the membrane is shaped for a suitable fit, the flexible nature 
of the membrane enables the surgeon to conform the mem- 40 
brane to fit around the area of injury. The membrane can be 
formed into a strip which wraps around the organ, e.g., an 
intestine, to prevent formation of adhesions. An anti-adhe- 
sion membrane according to the present invention can 
incorporate ties or straps which connect to the membrane 45 
and which are used to tie or otherwise secure the membrane 
to an area of injury. It is further contemplated that the 
anti-adhesion membranes of the present invention may be 
affixed to the wound site by surgical fasteners or sutures. The 
flexible nature of the present anti-adhesion membrane 50 
allows the membrane to flex and bend along with normal 
movements of the body without being overly restrictive. 

Thus, the invention is also directed to a method for 
reducing post-surgical adhesions. The method involves posi- 
tioning an adhesion-reducing barrier between the site of 55 
surgical activity and neighboring tissues. The adhesion- 
reducing barrier will contain a biodegradable and/or bioab- 
sorbable membrane. The membrane is preferably the bio- 
degradable and/or bioabsorbable membranes discussed 
above. The membrane can also be a biodegradable and/or 60 
bioabsorbable membrane which contains a plurality of lay- 
ers, with at least two layers having different biodegradable 
and/or bioabsorbable fibers from each other or contains 
sub-micron diameter biodegradable and/or bioabsorbable 
fibers, having at least one medicinal agent contained within 65 
the fibers. Preferably, the membrane will contain an antibi- 
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All embodiments of surgical adhesion barrier^ or mem- 
branes as described herein are well-suited for application by 
techniques involving endoscopy. Endoscopic surgical pro- 
cedures involve the use of cannulas or tubes whifh provide 
narrow openings into a body and allow minimally invasive 
access to surgical targets. In laparoscopic procedures, sur- 
gery is performed in the interior of the abdome|n through 
small tubes inserted therein. Endoscopes are frequently used 
as viewing devices inserted through the cannulas which 
allow surgeons to see the interior of the body. 

Certain endoscopic and laparoscopic procedures may 
require that the surgical region be insufflated. Accordingly, 
any instrumentation inserted into the body should be sub- 
stantially sealed to ensure that gases do not enter or exit the 
body through the incision. Moreover, endoscopip and lap- 
aroscopic procedures often require the surgeon to bperate on 
organs, tissues and/or vessels far removed frorrl the inci- 
sions. Thus, instruments used in such procedure^ are typi- 
cally long and narrow while being functionally controllable 
from a proximal end of the instrument. 

In accordance with the present invention any| apparatus 
for deploying and positioning any of the adhesion barriers or 
membranes disclosed herein may be inserted through a 
cannula and deposited at a target site. Once the; barrier is 
positioned as desired, it may optionally be sutured, stapled 
or otherwise fastened to the target site with instruments 
designed to be inserted through a cannula. 

Thus, in another aspect, the invention is directed to a 
method of reducing surgical adhesions which involves posi- 
tioning an adhesion-reducing barrier between the site of 
surgical activity and neighboring tissue. More spefific appli- 
cations are discussed above. 

Nanofiber Fabrication Technique for Biodegradable and/or 
Bioabsorbable Polymers: Electrospinning MemWanes with 
Different Biodegradable and/or Bioabsorbable Fibers 

The membranes according to the present invention are 
preferably produced by electrospinning using a rr^ultiple jet 
system. Preferably, the multiple jet system includes an array 
of spinnerets for introducing conducting fluid containing the 
biodegradable and/or bioabsrobable fiberizable] material. 
The use of a multiple jet system to produce membranes in 
accordance with the invention is possible by having inde- 
pendent control over different jets. Thus, different jets can 
produce different fibers as discussed more fully above. 

Moreover, sub-micron diameter fibers can be produced in 
accordance with the invention at a relatively high'yield. For 
example, a 40% polymer solution being spun from a single 
spinneret with a diameter of 700 microns, whichl results in 
a final filament having a diameter of 250 nm, v^ill have a 
draw ratio of 7.84xl0 6 . If the extrudate (conducting fluid) 
from each spinneret has a rate of about 10 ul/mir , the final 
filament speed will be about 136 m/s for each spinneret, 
which is a relatively high spinning rate. Thus, a commer- 
cially viable process for making membranes according to the 
invention is achievable with a sufficient number of spin- 
nerets operating at such speeds. 

The conducting fluid will preferably include a sblution of 
the polymer materials described more fully above. The 
polymer material used to form the membrane is first dis- 
solved in a solvent. The solvent can be any solvent which is 
capable of dissolving the polymer and providing a 1 conduct- 
ing fluid capable of being electrospun. The solvejit is pref- 
erably selected from N,N-Dimethyl formamide (DMF), tet- 
rahydrofuran (THF), N-N-dimethyl acetamide^(DMAc), 
methylene chloride, dioxane, ethanol, chloroforrii or mix- 
tures of these solvents. 
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The conducting fluid can optionally contain a salt which 
creates an excess charge effect to facilitate the electrospin- 
ning process. Examples of suitable salts include NaCl, 
KH 2 P0 4 , K 2 HP0 4 ,KI0 3 , KC1, MgS0 4 , MgCl 2 , NaHC0 3 , 
CaCl 2 , or mixtures of these salts. 5 

The polymer solution forming the conducting fluid will 
preferably have a polymer concentration in the range of 
about 1 to about 80 wt %, more preferably about 10 to about 
60 wt %. The conducting fluid will preferably have a 
viscosity in the range of about 50 to about 2000 mPa-s, more 10 
preferably about 200 to about 700 mPa-s. 

The electric field created in the electrospinning process 
will preferably be in the range of about 5 to about 100 
kilovolts (kV), more preferably about 10 to about 50 kV. The 
feed rate of the conducting fluid to each spinneret (or 15 
electrode) will preferably be in the range of about 0.1 to 
about 1000 microliters/min, more preferably about 1 to 
about 250 rmcroliters/min. 

A particular apparatus for producing membranes accord- 
ing to the present invention, which uses a multiple jet 20 
electrospinning system, is shown schematically in FIG. 1. 
Equipment not essential to the understanding of the inven- 
tion such as heat exchangers, pumps and compressors and 
the like are not shown. 

Referring now to FIG. 1, the conducting fluid, which 25 
contains the biodegradable polymer, is supplied by a micro- 
flow pump system 1. The conducting fluid preferably con- 
tains a biodegradable polymer, a solvent and a salt, e.g., 25 
wt % PLA-DMF solution with 1 wt % KH 2 P0 4 . Optionally, 
one or more medicinal agents can be incorporated into the 30 
conducting fluid. The pump system 1 is linked to a computer 
2 which controls the flow rate of the conducting fluid to 
selected spinnerets by controlling pressure or flow rate. The 
flow rate can be changed depending upon the speed of the 
support membrane 3 and the desired physical characteristics 35 
of the membrane, i.e., membrane thickness, fiber diameter, 
pore size, membrane density, etc. 

The pump system 1 feeds the conducting fluid to a 
multiple jet system 4 that contains manifolds 5 having a 
bank of spinnerets 6. A charge in the range of about 20 to 40 
about 50 kV is typically applied to the spinnerets by a high 
voltage power supply 7. A hood 8 is positioned over the 
multiple jet system 4 to remove the solvent at a controlled 
evaporation rate. 

A ground plate 9 is positioned below the multiple jet 45 
system 4 such that an electric field is created between the 
charged spinnerets 6 and the ground plate 9. The electric 
field causes tiny jets of the conducting fluid to be ejected 
from the spinnerets and spray towards the ground plate 9, 
forming small, e.g., sub-micron, diameter filaments or fibers. 50 

A moving support 3 is positioned between the charged 
spinnerets 6 and the ground plate 9 to collect the fibers 
which are formed from the spinnerets and to from an 
interconnected web of the fibers. The support 3 moves in the 
direction from the unwind roll 10 to the rewind roll 11. 55 

The micro-flow control/pumping system is electrically 
isolated from the ground and is powered by an isolation 
transformer 12. 

The post-spinning processors 13 have the functions of 
drying, annealing, membrane transfer (for example, from a 60 
stainless steel mesh substrate to another substrate, e.g., a 
Malox mesh) and post conditioning. 

Multiple jets with designed array patterns can be used to 
ensure the fabrication of uniform thickness of the mem- 
brane. Hood, heating and sample treatment chambers can 65 
also be included to control the solvent evaporation rate and 
to enhance the mechanical properties. The recovered thick- 



ness can be precisely controlled from tens of iucrons to 
hundreds of microns. While additional embodiments or 
modifications to the electrospinning process andi apparatus 
are described below, a more detailed description of an 
apparatus and method for electrospinning polymeric fibers is 
set forth in co-pending, commonly owned patent applica- 
tion, Sen No. 09/859,004, entitled "Apparatus and Methods 
for Electrospinning Polymeric Fibers and Membranes," filed 
05/16/2001, now U.S. No. 6,703,011. 

Variation of Electric/Mechanical Properties of Conducting 
Fluid 

The properties of the resulting membrane produced by 
electrospinning will be affected by the electric and mechani- 
cal properties of the conducting fluid. The conductivity of 
the macromolecular solution can be drastically changed by 
adding ionic inorganic/organic compounds. The! magneto- 
hydrodynamic properties of the fluid depend on a combina- 
tion of physical and mechanical properties, (e.£., surface 
tension, viscosity and viscoelastic behavior of the fluid) and 
electrical properties (e.g., charge density and polarizability 
of the fluid). For example, by adding a surfactant to the 
polymer solution, the fluid surface tension can bp reduced, 
so that the electrostatic fields can influence the jet shape and 
the jet flow over a wider range of conditions. By coupling a 
pump system that can control the flow rate either it constant 
pressure or at constant flow rate, the effect of viscosity of the 
conducting fluid can be controlled. 

Electrode Design 

In another method for producing membranes according to 
the present invention, the jet formation process during 
electrospinning is further refined to provide betier control 
over fiber size. Instead of merely providing & charged 
spinneret and a ground plate, a positively charged^ spinneret 
is still responsible for the formation of the polymer solution 
droplet and a plate electrode with a small exit hole in the 
center is responsible for the formation of the jet stream. This 
exit hole will provide the means to let the jet stream pass 
through the plate electrode. Thus, if the polymer droplet on 
the positively charged spinneret has a typical dimension of 
2-3 mm and the plate electrode is placed at a distance of 
about 10 mm from the spinneret, a reasonable electrostatic 
potential can be developed. The short distance between the 
two electrodes implies that the electrostatic potential could 
be fairly low. However, the resultant electric field strength 
could be sufficiently strong for the electrospinning process. 
By varying the electric potential of individual spinnerets, the 
jet formation can be controlled and adjusted forjndividual 
spinnerets. Such an electrode configuration should greatly 
reduce the required applied potential on the spinnerets from 
typically about 1 5 kilovolts (kV) down to typically| about 1 .5 
to 2 kV (relative to the ground plate potential). The exact 
spinneret potential required for stable jet form&tion will 
depend on the electric/mechanical properties of tie specific 
conducting fluid. 

Control of Jet Acceleration and Transportation 

In another method for producing membranes according to 
the present invention, the jet stream flight of jndividual 
spinnerets is also precisely controlled. The jet stream pass- 
ing through the plate electrode exit hole is bositively 
charged. Although this stream has a tendency to straighten- 
ing itself during flight, without external electric field con- 
finement the jet will soon become unstable in its trajectory. 
In other words, the charged stream becomes defocused, 
resulting in loss of control over the microscopic and mac- 
roscopic properties of the fluid. This instability can be 
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removed by using a carefully designed probe electrode trolled dimensions of the effective openings for the spin- 
immediately after the plate electrode and a series of nerets. In other words, by changing the distance between the 

(equally) spaced plate electrodes. The electrode assembly two components, the effective openings of thq spinnerets 

(i.e., the probe electrode and the plate electrodes) can create become available. (2) The presence of slits between the 

a uniform distribution of electrostatic potential along the 5 larger openings permits fluid flow and thereby equalizes the 

(straight) flight path. The acceleration potential is formed by pressure difference between the spinnerets. (3) tJ e presence 

placing the base potential of the spinneret at about +20 to of slits can also reduce potential blockage of the fluid. 

+30 kV above the target (at ground potential) while the The membranes produced by the slit-die apbroach can 

electrostatic potential of the probe electrode can be adjusted achieve a larger degree of flexibility in the structures. For 

to slightly below the plate electrode base potential. The to example, different size nanofibers can be produced from the 

composite electrodes are capable of delivering the jet stream same slit-die setup . 

to a desired target area. „ , „ 

Control of Degradation Rate Through Processing Param- 

Jet Manipulation eters 

In yet another method for producing membranes accord- 15 As discussed above, very different fiber diameter and 

ing to the present invention, individual jet streams can be morphology in the membrane can be obtained by changing 

focused by using an "Alternating Gradient" (AG) technique. the parameters in the electrospinning process. As the deg- 

The basic idea is to use two pairs of electrostatic quadrupole radation rate is inversely proportional to the fiber diameter, 

lenses. The second lens has the same geometric arrangement the manipulation capability through processing iparameters 

as the first lens with a reversed (alternate) electric gradient. 2Q provides not only the means to control the degradation rate 

The positively charged jet stream will be focused, for of the membrane but also the ways to control ding loading 

example, in the xz plane after the first lens and then be efliciency and the drug release rate, 

refocused in the xz plane after the second lens. It is noted For example, it is believed that a change in change density 

that the z-direction represents the direction of the initial (through the addition of salts) can significantly affect the 

flight path. By applying an additional triangle-shaped wave- fiber diameter. When 1 wt % potassium 1 phosphate 

form to the potential on one of the pairs of the quadrupole, (KH 2 P0 4 ) was added to a PLA-co-PGA solution, the fiber 

the jet can be swept across the target area, allowing the diameter became much thinner (see SEM picture in FIG. 4) 

control of the direction of the jet stream. Furthermore, with than the one with no salt added (FIG. 5). Thus, itlis believed 

varying waveform of the 'sweep' potential, a desired pattern that higher excess charge density generally favours the pro- 

on the target can be formed. 3Q duction of thinner fibers and lower excess charge density 

Pattern De^n hv FWmsninni™ favors ^ Production of thicker fibers. Severaltther kinds 

T v J?nX E ' eC 7 f Spln T g . . of salts (e.g. NaCl, KH 2 P0 4 , KIO and K 3 P0 4 ), 4iich are all 

In yet another method for producing membranes accord- biologi ^f compatibl | to 4 me body, are also cXnplated. 

mg to the present mvention, reference will be made to FIG. v p 

2. In this method, the conducting fluid is introduced into the Control of Drug Release Rate and Test of Antibacterial 

electrospinning process through an array of electrospinning 35 Effect 

spinnerets 20. The array of electrospinning spinnerets are It is also believed that when a drug is incorporated into the 

assembled in a matrix 21 that provides electrical isolation fibers of the membrane, the drug release rate is a function of 

for the spinnerets, with each spinneret having two pairs (X fiber diameter. As such, the release rate of a drug! trapped in 

and Y direction) of miniature scanning electrodes 22. The the membrane can be precisely controlled. Mahy surgical 

spinneret 20 and the scanning electrodes 22 are electrically 40 procedures often lead to adhesion formation involving the 

wired such that each individual polymer solution jet can be colon and rectum. This additionally increases fhe risk of 

turned on and off and be steered to a finite size target area. post-operative infection. The addition of antibiotics to the 

As each spinneret 20 can be turned on/off independently by membrane with scheduled release may be used tol reduce the 

electricity, the response time will be relatively fast. Also, risk of abscess and infection, 

each spinneret 20 can deliver a different solution, e.g., each 45 

containing a different polymer or different drug or concen- EXAMPLES 
tration of drug. A designed pattern can be obtained in the 

resultant membrane. This pattern can be precisely controlled The following non-limiting examples have been carried 

by a computer and can be tailored for specific medical out to illustrate preferred embodiments of the i invention, 

applications. 50 These examples include the preparation of ipembranes 

w„, t . . t t ci't rv c ♦ according to the invention, analysis of the membranes and 

Multrple Jet Slit-Die Geometry testing of the membranes. 

In another apparatus for producing membranes in accor- 
dance with the present invention, reference is made to FIGS. Example 1 
3(a)-3(c). In this apparatus, a multiple jet system 30 com- 55 

prises an array of electrospinning spinnerets 31, each spin- A membrane was prepared as follows: a 30 wt % PLG 
neret 31 being defined by a slit 32 formed in a slit-die 33 that copolymer/DMF solution was prepared by slowlyldissolving 
is coupled to high voltage to serve as an electrode disposed PLG copolymer pellets (inherent viscosity of 0.55-0.75. 
above the ground plate 34. As shown in detail in FIG. 3(c), Birmingham Polymers Inc., AL) into an N,N-dhiiethyl for- 
me spinnerets 31 are each interconnected by selectively 60 mamide (DMF) solvent at room temperature, fie solution 
narrow slits 35, such that each spinneret 31 is interconnected was then loaded into the 5 ml syringe fitted with a gauge 20 
to a neighboring spinneret 31 by a slit 35. The conducting needle, and delivered through a Teflon tube (0.03'! ID) to the 
fluid will not flow through the slits 35, but will flow through exit hole of an electrode having a diameter of 0*025" The 
each of the spinnerets 31 in a more robust manner. so]u tion was pumped and controlled by a syringe pump 
The slit-die approach permits three distinct advantages 65 (Harvard Apparatus "44" series, MA) at a flow Irate of 20 
that are not available by using individual spinnerets. (1) The microliters/min. A 25 kV positive high voltage (by Glassman 
slit-die is made up of two separate components with con- High Voltage Inc.) was applied on the electrode 1 . The dis- 
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tance from the tip of the electrode to the grounded collecting very slowly (dropwise) added to the polymer solution with 

plate was 15 cm. A tiny electrospinning jet was formed and gentle stirring until it reached a final PLG/drug ratio of 1 9 : 1 . 

stabilized in 30 seconds under these conditions. The col- A 20 kV positive high voltage (by Glassman High Voltage 

lecting plate was movable and controlled by a stepper motor. Inc .) was applied on the electrode. All other parameters were 

The collecting plate was continually moved at a rate of 1 5 the same as Example 1. An SEM (Scanning Electron 

mm/sec until a membrane having a relatively uniform thick- Microscopy) image of the membrane containing the drug is 

ness of about 100 microns was obtained. An SEM (Scanning shown in FIG. 7. 

Electron Microscopy) image of the membrane is shown in The drag release rate was determined by placing the 
FIG. 6. membrane in a phosphate buffer solution (PBS) dnd then by 
to monitoring the drug concentration in the buffer solution vs. 
Example 2 time using an ultra violet (UV) light (234 nm) absorption 
measurement. The drug release (in PBS buffer) profile is 
A biodegradable and bioabsorbable membrane according shown in FIG. 8. 
to the present invention, fabricated by a multi-jet electro- 
spinning process, was prepared as follows: an 8 wt % 15 Example 5 | 
polyacrylonitrile (Aldrich Chemical Company, Inc.)/DMF 

solution was prepared by slowly adding and dissolving the A membrane was fabricated as follows: A 35 wt % PLA 

polymer powders into an organic solvent, which was DMF polymer/DMF solution was prepared by slowly 'dissolving 

(N,N-dimethyl formamide), at room temperature. After the the PLA pellets. The solution was fed through tbe syringe 

solution was completely mixed, it was then loaded into 6 20 pump system to the electrodes at a flow rate of io microli- 

individual syringes, each with a volume of 5 mL. The ters/min per jet. A 25 kV positive high voltage vjas applied 

syringes were fitted with gauge 20 needles and the solution to the electrode. FIG. 9 shows a typical scanning electron 

was delivered through Teflon tubes (0.03" ID) to 6 elec- microscopy (SEM) image of an electrospun PLA Membrane 

trodes, each having a tiny hole with a diameter of 0.025". made by the procedures described above. It has ^n average 

The polymer solution was finally pumped and controlled by 25 fiber diameter of 200 nm. The typical membrane density is 

a syringe pump (Harvard Apparatus "44" series, MA) at a about 0.25 g/cm 3 , as compared to the neat resin (PLA) 

flow rate of 25 microliters/min. In addition, a 26 kV positive density of 1.3 g/cm 3 . 
high voltage (by Glassman High Voltage Inc.) was applied 

on the electrodes in order to obtain the existence of six Example 6 
well -stabilized electrospinning jets. The distance from the 30 

tip of the electrodes to the grounded collecting plate was 1 5 An in-vitro biodegradation test was conducted io evaluate 

cm and the tips of the electrodes were spaced about 2 cm the performance of electrospun membranes. The! biodegra- 

apart from each other. Closer 'spacing between electrodes dation test was conducted using the following method, 

(spinnerets) could have been achieved by changing appro- which is routinely used in the suture industry: a PGA 

priate parameters, e.g., by increasing the applied electric 35 membrane was submerged in a buffer solution containing 

potential. The collecting plate was movable and controlled sodium phosphate, potassium phosphate, and distilled water 

by a step motor. The collecting plate was continually moved (pH 7.3), and maintained at 37° C. The weight loss was 

at a rate of 1 mm/sec until a bioabsorable and biodegradable measured as a function of time. The test was repeated for a 

membrane having a relatively uniform thickness of about PLA membrane. The results for both membranes kre plotted 

100 microns was obtained. 40 inFIG. 10. A review of FIG. 10 reveals that the major weight 

loss (50%) varies from 2 weeks (PGA) to aboml 6 months 

Example 3 (PLA). 

A polymer solution suitable for electrospinning, which Example 7 
contained a drug, was prepared as follows: A sample of 45 

Poly(DL-lactide) ("PLA") purchased from Birmingham A membrane containing dual thickness fibers| was pre- 

Polymers, Inc., Birmingham, Ala. (Product No. D98120) pared as follows: a 25 wt % PLA-DMF solution was 

having a weight average molecular weight of 1.09xl0 5 prepared by slowly dissolving PLA polymer pellets having 

g/mole and a polydispersity of 1.42 was stored in a vacuum the same molecular weight and poly dispersity as in 

oven at room temperature. The pellets were dissolved in 50 Example 3 into a DMF solvent. A drug solutioh was pre- 

DMF purchased from Fisher Scientific, Fair lawn, N.J. to pared by dissolving 0.6 grams of Mefoxin (Mejrck & Co 

form a 25 wt % solution. The antibiotic drug used was Inc.) into 0.4 grams of water. The drug solution! was then 

Mefoxin™ from Merck & Co., Inc., West Point, Pa. The very slowly (dropwise) added to the polymer solution with 

antibiotic was dissolved in distilled water and then mixed gentle stirring until it reached a final PLA/drug ratio of 1 9: 1 . 

with PLA/DMF solution in appropriate amounts to form the 55 A 20 kV positive high voltage (by Glassman High Voltage 

solution with a PLA/drug ratio of 9:1. A stable jet was Inc.) was applied on the electrode. All other parameters were 

formed using this solution in the electrospinning process the same as Example 1. A membrane having^ network 

described in Example 1. structure consisting of large size filaments (2 midron diam- 
eter), very fine fibrils (50 nanometer diameter) jand small 

Example 4 60 blobs was obtained by varying the solution feed liate over a 
range from 20 ul/min to 70 ul/min. An SEM of the resulting 

A second membrane was prepared in a similar manner to membrane is shown in FIG. 11. 

Example 1, except that a drug solution was added to the The membrane was then placed in the buffer solution 

polymer solution prior to electrospinning and the voltage described in Example 6. After one week of degradation in 

applied to the electrode was adjusted. The drug solution was 65 the control buffer, the fine fibers completely disappeared 

prepared by dissolving 0.6 grams of Mefoxin (Merck & Co (FIG. 12). A comparison of FIGS. 11 and 12 reveals that this 

Inc.) into 0.4 grams of water. The drug solution was then morphology results in a rapid weight loss in the first week. 



! 
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Thus, if more rapid weight loss is desired, a membrane placed into the abdominal cavity. The abdomen Was opened 

having a higher concentration of thin fibrils can be produced. using a midline celiotomy and a 1 x 1 cm squarel of Marlex 

mesh was placed over the cecum and fixed to the|abdominal 

Example 8 wa u usm g two silk sutures. The abdomens were then either 
5 immediately closed in two layers (control, n=10j or had a 

An experiment was conducted to evaluate the barrier barrier placed in between the cecum and the m<Jsh (n=10). 

properties of different membranes for preventing post-op- All animals underwent a second celiotomy after 4 weeks, 

erative induced adhesions. The experiment used an objective The presence or absence of adhesions betweenTthe cecum 

rat model (ORM) to evaluate the performance of electrospun and mesh were noted. 

PLA-co-PGA membranes, with and without an antibiotic i 0 In the group of rats with Marlex mesh, the firsi set of rats 

drug (Mefoxin) contained in the membrane structure, which all has adhesions from the cecum to the mesh (1100%). The 

were prepared in the same manner as in Examples 1 (without mesh also has a multitude of other adhesions to | the omen- 

the drug) and 4 (with the drug). A control group was also turn, stomach, and liver making a measurement of adhe- 

used for comparison. siona l strength from cecum to abdominal wall problematic. 

The test procedures used were as follows: the membrane 15 The set with barriers was found to have only ope rat with 

being tested was first sterilized using S0 Co radiation source. adhesions from the cecum to the abdominal wall (10%). 

The membrane sample was sealed in a plastic bag in a Overall, the test results showed good barrier properties of 

container filled with dried nitrogen gas. The package then the membranes, i.e., a low incidence of induced a'dhesion in 

received y-radiation doses from 5.15-25 kGy, depending on the membrane embedded area, while an adhesion was 

the mass. This procedure has been well documented in the 20 induced in the control area. The membrane containing the 

literature. antibiotic showed better barrier properties than; the mem- 

300-450 gram male Sprague-Dawley rats were used in brane without the antibiotic, 
the experiments. They were individually housed and given 

food and water ad libitum both pre- and postoperatively. Example 9 j 

Anesthesia was produced using an IM ketamine (80 mg/kg) 25 

and xylaxine (10 mg/kg) injection into the right hindleg The antibacterial effect of drug containing membranes 

prior to the celiotomy. Euthanasia was performed using was tested using the following procedures: 8 nil of Luria 

intracardiac injection of pentobarbital (60 mg/kg). Broth (LB) and 80 microliters of E. coli cells weie added to 

The rats were divided into two procedure groups. The first each of four sample test tubes. A 7.0x7.0 cm sample of a 

group underwent a midline celiotomy and the cecum iden- 30 PLA electrospun membrane having a thickness df about 75 

tified and scored using an abrasive pad until serosal bleeding microns (with a corresponding total weight of 100 mg) was 

was noted on the anterior surface. Alxl cm square of added to one of the test tubes. A second sample| of a PLA 

abdominal wall muscle was then excised directly over the membrane containing approximately 4.83 mg o|f Mefoxin 

cecal wound. The first group experiment was conducted was added to another test tube. A third sample; of a PLA 

using 12 animals with the membrane and 14 animals with 35 membrane containing approximately 8.85 mg qf Mefoxin 

the membrane containing antibiotics, which were compared was added to a third test tube. The last test tube was used as 

to 12 control animals (cecal abrasions and buttons without a control. 

any membrane). The celiotomy was then closed in two LB was used to grow the E. coli bacterial cells. The 

layers immediately (control, n=12), after a barrier was laid sample tubes were placed in an incubator oversight. The 

m between the cecum and the abdominal wall (n=12), or 40 temperature of the incubator was set at 37° C. and the 

after an antibiotic-impregnated barrier was placed in the shaking rate was set at 225 rpm. Shaking was necessary in 

aforementioned are (n=14). All rats underwent a second order for the E. coli bacteria to receive enough nutrients 

celiotomy after 4 weeks. The presence or absence of adhe- needed to grow. Using a SmartSpec *3000 insnliment, the 

sions from the cecum to the abdominal wall was noted. The optical density (OD) at the 600 nm wavelength for E. coli 

cecum was then isolated from the rest of the bowel and the 45 bacteria was recorded and the amount of cells ik each test 

breaking strength of the adhesion was measured by using a tube was calculated. The cell concentration couldj be related 

tensiometer. to the product of the optical density of each saihple and a 

In the first group of experiments, cecal adhesions were conversion factor. As the optical density increaseJ(the broth 

noted in 67% of the control set, 50% of the set with barriers, becomes more turbid), the cell concentration should 

and 38% of the set with barriers impregnated with antibodies 50 increase. The results are shown in FIG. 15, with the y-axis 

(see FIG. 13). Tensiometer readings on those adhesions unit being cell/ml or the bacteria concentration, 

present were found to be 6.18, 5.76, and 4.30 respectively A review of FIG. 15 reveals that the growthiof E. coli 

(see FIG. 14). Only adhesions from the cecum to the bacteria is completely prohibited by the release of the 

abdominal wall were counted. Adhesional bands between Mefoxin antibiotic drug from the membrane containing 8.85 

the bowel and other abdominal organs were noted on occa- 55 mg of the drug. Also, it appears that the higher tjie loading 

sion, but were not taken into account. concentration of Mefoxin, the more effective the membrane 

In the second group experiment, Marlex mesh, a material becomes, 

often used in abdominal surgery to repair the abdominal I 

wall, was used to test the membranes. This mesh has the Example 10 

severe complication of causing adhesions to the intestines 60 

which not only leads to bowel obstruction, but also fistula An in-vivo biodegradation test was conduced u^ing a PLA 

formation. Both complications can be devastating to electrospun membrane having an average fiber diameter in 

patients. The Marlex mesh was applied to a defect created in the range of about 1 00-1 50 nanometers. The membrane was 

the abdominal wall and 10 animals had the barrier mem- fabricated as follows. A 25 wt % PLA solution inlDMF was 

brane interposed between the mesh and the intestines, while 65 prepared. A 60 wt % Mefoxin drug in aqueous solution was 

10 controls had the Marlex placed with no interposing then added to the polymer solution to reach a final PLA/drug 

membrane. The second group of rats had Marlex mesh ration of 9:1. A 20 kV positive voltage was appjied to the 
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electrode. An SEMofthe initial as spun membrane (FIG. 16) Thus, while there has been disclosed what ib presently 

shows smooth fibrous structures with an average fiber diam- believed to be preferred embodiments of the invention, those 

eter between 100-150 nm. The membrane was implanted skilled in the art will appreciate that other and further 

into a rat and removed after one week, following the changes and modifications can be made without departing 

procedures described in Example 8. An SEM of the partially 5 from the scope or spirit of the invention, and it is intended 

biodegraded membrane is shown in FIG. 17. that all such other changes and modifications are included in 

A comparison of FIGS. 16 and 17 reveals that the mor- and are within the scope of the invention as described in the 

phology of the membrane has been changed, resulting in a appended claims, 
more porous structure. 

to We claim: 

example 11 1. A biodegradable and/or bioabsorbable fibrous article 

. , • , formed by electrospinning fibers of biodegradable and/or 

,7™ membrane consisting of two bioabsorbab]e fi^ie Suteial comprising a composite 

wto/ polyeth^neoxideCPEO^MF solute 

by slowly adding the polymer powders into an organic j:.™-™ " 

solvent, which was DMF (N,N-dimethyl formamide). Sec- , f': . ,. t , . „ j . 

ond, a 30 wt % polylactide glycolide (PLG)/DMF solution fi , 3 ' A fib ™ S f ! cle ^cording to clann 2, wterem said 

was made by dissolving the polymers into DMF as well. f berS ° f * fferent dua ^f s lude fibers dieters 

After these two solutions were each completely homog- 20 man 1 micron and fibers having diameters greater than 

enized at the room temperature, they were then loaded °^ C l°^, • , j. , . „ ; 

separately into two individual syringes, each with a volume A fibrous """^ accordm S *° claml 3 >. ™ herem 531(1 

of 5 mL. Next, the syringes were fitted with 2 gauge 20 fibrous ^ comprises at least a b°« 20 weight percent of 

needles and delivered through Teflon tubes to the electrodes, diameter fibers. 

each having a tiny hole with a diameter of 0.025". The 25 5 - A fibrous artIcle according to claim 4, wherein said 

polymer solutions were finally pumped and controlled by a fibrous amcle com P rises at least about 50 weigh} percent of 

syringe pump at a flow rate of 20 microliters/min. In submicron diameter fibers. 

addition, a 25 kV positive high voltage was applied on two 6 " A fibrous artlcle according to claim 1, wherein said 

separate electrodes in order to obtain the existence of composite of different fibers is defined by fibers of different 

well-stabilized electrospinning jets. The distance from the 30 biodegradable and/or bioabsorbable materials, 

tips of the electrodes to the ground collecting plate was 15 7 - A fibrous article according to claim 1, wherein said 

cm. Furthermore, a step motor was utilized in order to composite of different fibers is defined by fibers Of different 

control the movement of the ground collector so that it was diameters and different biodegradable and/or bioabsorbable 

capable to move in different directions, either left or right. materials. 

The collecting plate was moving at a rate of 5 steps/sec 35 8 - A fibrous article according to claim 1, wherein said 

continuously until a bioabsorable membrane having a rela- biodegradable and/or bioabsorbable fiberizable material 

tively uniform thickness of 100 microns was achieved. comprises a biodegradable and/or bioabsorbable! polymer. 

9. A fibrous article according to claim 8, wherein said 

Example 12 biodegradable and/or bioabsorbable polymer comprises a 

, .. , 40 monomer selected from the group consisting of a 1 glycolide, 

A bioabsorbable composite membrane consisting of two lactid£ , dioxanone , capro iactone, trimethylene Ictrbonate 

component polymer blend of different hydrophobicity ethy lene glycol and lysine 

according to the present invention was prepared as follows: 10 A fibrous ^ accordin tQ ^ g wherein ^ 

2t° y y ° X f<? E ?' , Mw :j 00 'T biodegradable and/or bioabsorbable polymer comprises a 

rS™Hl T prepared by slowly adding the 45 biodegradable and/or bioabsorbable linear aliphatic polyes- 

polymer powders into an organic solvent, which was DMF ter \ 

(N,N-dimethyl formamide). Second, a 20 wt % polylactide „ .„ . ,. , . „„ , 

glycolide (PLG)/DMF solution was made by dissolving the h JI^H JT T JTW r ^ *r' ^j™, 53 "* 

polymers into DMF as well. These two solutions were mixed biodegradable and/or bloabsorbab e linear aliphatic polyes- 

together and were each completely homogenized at the room 50 J " ' P 0 ^ 01 '^ ° r a copolymer poly(glycohde-co- 

temperature. They were then loaded separately into two aC ' ; ^ 

individual syringes, each with a volume of 5 mL. Next, the ,. . A fibr0US artlcle accordm g to da™ 1, wherein said 

syringes were fitted with 2 gauge 20 needles and delivered biodegradable and/or bioabsorbable fiberizablfe material 

through Teflon tubes to the electrodes, each having a tiny com P nses a matena l derived from biological tissue, 

hole with a diameter of 0.025". The polymer solutions were 55 13 ' A fib rous article according to claim 1, wherein said 

finally pumped and controlled by a syringe pump at a flow flbers have diameters in the range from about 10 up to about 

rate of 20 microliters/min. In addition, a 25 Kv positive high 1 ' 00 ° nanometers. 

voltage was applied on two separate electrodes in order to 14 A fibrous article according to claim 13, wherein said 

obtain the existence of well-stabilized electrospinning jets. fibers ^ve diameters in the range from about 20 to about 

The distance from the tips of the electrodes to the ground 60 500 nanometers. 

collecting plate was 15 cm. Furthermore, a step motor was 15. A fibrous article according to claim 1, further corn- 
utilized in order to control the movement of the ground prising small blobs of biodegradable and/or bioabsorbable 
collector so that it was capable to move in different direc- material. 

tions, either left or right. The collecting plate was moving at 16. A fibrous article according to claim 1, further com- 

a rate of 5 steps/sec continuously until a bioabsorable 65 prising at least one medicinal agent, 

membrane having a relatively uniform thickness of 100 17. A fibrous article according to claim 16, wherein said 

microns was achieved. medicinal agent is contained within said fibers. 
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18. A fibrous article according to claim 17, further com- 39. A fibrous article according to claim 38, therein said 
prising fibers with different concentrations of said medicinal fibers have diameters in the range from about 20 to about 



19. A fibrous article according to claim 17, further com- 40. A fibrous article according to claim 26, further com- 
prising fibers with different medicinal agents. 5 prising small blobs of biodegradable and/or bioabsorbable 

20. A fibrous article according to claim 1, further com- material. 

prising a plurality of layers, wherein at least one of the layers 41. A fibrous article according to claim 26, Anther corn- 
comprises a composite of different biodegradable and/or prising at least one medicinal agent, 
bioabsorbable fibers. 42. A fibrous article according to claim 41, ^herein said 

21. A fibrous article according to claim 20, further com- 10 medicinal agent is contained within said fibers. 1 

prising at least one medicinal agent between at least two of 43. A fibrous article according to claim 42, further corn- 
said layers. prising fibers with different concentrations of said medicinal 

22. A fibrous article according to claim 1, wherein said agent. 

fibrous article has a controlled degradation rate 44 - A fit, rous article according to claim 42, further com- 

23. A fibrous article according to claim 1, wherein said 15 *^ A fi £" with d f erent medicina ! ^ L . 
fibrous article is a membrane 45 A fibrous artIcle according to claim 26, wherein said 

24. A fibrous article according to claim 23, wherein said ^V^* h " ' f 0 *"^ ^T^^Tk ■ 
membrane has a thickness in the range of about 1 0 to about * 6 A ^° US ^ a v CCOrdm 8 t0 claun 26 ' T erem said 
5000 microns fibrous article is a membrane. 

, e A fil ' .. , ,. . , . „. , . .20 47. A fibrous article according to claim 46, Wherein said 

JLt f r Tv aCC ° r t nS T u 4 ' W ^ rel \ Said memb ™e has a thickness in the range of about ,10 to about 

membrane has a thickness in the range of about 20 to about <; mn ■ „ 6 

1000 microns ->wu microns. 

,, . ... . , J . 48. A fibrous article according to claim 47, Wherein said 

26. A fibrous article according to claim 1, wherein said membr ane has a thickness in the range of about 20 to about 
composite is an asymmetric composite of different biode- 25 iqoo microns 

gradable and/or bioabsorbable fibers. " 49 A fibrous artide fonned by electrospinni i g different 

27. A fibrous article according to claim 26, wherein fibers of different materials, comprising a^ofcposite of 
different fibers refers to fibers of different diameters. different fibers which comprises fibers of at ledst one bio- 

28. A fibrous article according to claim 27, wherein said degradable material and fibers of at least one non-biode- 
fibers of different diameters include fibers having diameters 30 gradable material. 

less than 1 micron and fibers having diameters greater than 50. A fibrous article according to claim 49, Wherein said 

1 micron. different fibers comprise submicron diameter fibers. 

29. A fibrous article according to claim 28, wherein said 51. A fibrous article according to claim 49, wherein said 
fibrous article comprises at least about 20 weight percent of composite is an asymmetric composite of said different 
submicron diameter fibers. 35 fibers. 1 

30. A fibrous article according to claim 29, wherein said 52. A method for reducing surgical adhesions which 
fibrous article comprises at least about 50 weight percent of comprises positioning an adhesion-reducing barrier between 
submicron diameter fibers. the site of surgical activity and neighboring tissue, said 

31. A fibrous article according to claim 26, wherein barrier comprising a biodegradable and/or bidabsorbable 
different fibers refers to fibers of different biodegradable 40 membrane, wherein said membrane comprises a' composite 
and/or bioabsorbable materials. or asymmetric composite of different biodegradable and/or 

32. A fibrous article according to claim 26, wherein bioabsorbable fibers; a plurality of layers, with at least two 
different fibers refers to fibers of different diameters and la y ers ^ving different biodegradable and/or biqabsorbable 
different biodegradable and/or bioabsorbable materials. fibers from each otn er; or sub-micron diameter biodegrad- 

33. A fibrous article according to claim 26 wherein said 45 able and/or bioabsorbable fibers, having at least one medici- 
biodegradable and/or bioabsorbable fiberizable material nal agent contamed within the fibers. 

comprises a biodegradable and/or bioabsorbable polymer c 53 ' A method according to claim 52, wherein different 

34. A fibrous article according to claim 33, wherein said fib ?? 1° f ers °j . differen ! Meters 
biodegradable and/or bioabsorbable polymer comprises a „ J 4 ' Ameth ° d according to claun 52 where^ different 
monomer selected from the group consisting of a glycolide, 50 "f?, t0 fiber * of ddiferent b >°degnidable and/or 
lactide, dioxanone, caprolactone, trimethylene carbonate, b.oabsorbab e matenals. j 
ethylene glycol and lysine. * 5 - Ameth ° d according to claim 52, wherein different 

biodegradable and/or bioabsorbable lineaV aliphatic poly es- " u\ A method . for , P rovldul S c ° ntrol ^ healing 

ter aiijiiuiLn. puiyra which compnses implanting at a target site in a| animal, a 

1<; A „ .. , .. , , . „ . . ., system for controlled tissue healing, said systemlomprising 

h^^^^^M^^'f^^^ 3 biode 8radable and/or bioabsorbable fibroUs article 8 

t t^iSia, 1 H bl ° abs0rbab 6 llnear fff* P? 1 ^" wherein said fibrous article comprises a composite 

er is a polyglycohde or a copolymer poly(glycohde-co- 60 ferent biodegradable and/or bioabsorbable fibers/ 



c composite of different b 



brotis article, 
lpo^ite of dif- 
irscjranasym- 
and/or bioab- 



lactide). 

37. A fibrous article according to claim 26, wherein said sorbable fibers 
biodegradable and/or bioabsorbable fiberizable material 57. A method according to claim 56, wherein s0id fibrous 
compnses a matenal denved from biological tissue. article is selected from the group consisting of a scaffold for 

38. A fibrous article membrane according to claim 26, 65 guided tissue regeneration, a protective covering for redi- 
wherein said fibers have diameters in the range from about recting healing, a protective covering for weakened tissue 
10 up to about 1,000 nanometers. and an anti-fibroblastic growth barrier. 
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58. A method according to claim 56, wherein different 
fibers refers to fibers of different diameters. 

59. A method according to claim 56, wherein different 
fibers refers to fibers of different biodegradable and/or 
bioabsorbable materials. 
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60. A method according to claim 56, wherem different 
fibers refers to fibers of different diameters aid different 
biodegradable and/or bioabsorbable materials. 
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;Subj: Army 02.2 Phase I SBIR Solicitation 

IDate: 1 1/1 1/2002 3:51 :14 PM Eastern Standard Time 
From: MeagherK-Contractor@haamc-excha.army.mil 
To: dfan gstar@aol.com 
Sent from the Internet (Details) 




November 11, 2002 



Dr. Dufei Fang 

Stonybrook Technology and Applied Research, Inc. 

P.O. Box 1336 

Stony Brook, NY 11790 

Subject: Army 02.2 Phase I SBIR Solicitation 
Topic #: A02-1 93 
Control #: A022-2903 

Dear Dr. Fang: 

This letter informs you that your proposal entitled "Novel Clothing 
Nonwoven Liner Material - Nanofibers in Melt Blown Media" submitted to 
the Army Small Business Innovation Research (SBIR) Program, has been 
competitively selected for negotiation and possible contract award. The 
contract award to fund your proposed work is contingent upon successful 
negotiations through the assigned Contracting Officer and availability of 
funds. Consequently, please be advised that the Government is not 
responsible for any funds expended by offerors prior to award of signed 
contracts. 

You will soon be contacted by a designated procurement official within 
the cognizant Army Laboratory or Center to initiate the contract award 
process. 



Sincerely, 




Janice M. Baker 
MAJ.USA 

Army SBIR Program Manager 
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